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SYNOPSIS.
The spontaneous-!gnition and Ignition delays of liquid fuel 
droplets falling (i) on a heated surface and (ii) through heated 
air are investigated.
The effects of fuel properties, droplet size, initial temp­
erature, material of the surface and additives in the fuel on the 
Ignition delays of liquid fuel droplets falling on a heated surface 
are studied.
It is shown that for droplets falling on a heated surface, 
the ignition delay/temperature curves for certain fuels show minima 
at or slightly above the maximum boiling rate points.
Two new terras namely * the heating up delay* and the ’evaporation 
delay’ are introduced to represent the so called ’physical delay*.
The heating up delay Is Isolated as the truly physical part of the 
ignition delay and is defined as the time taken for the droplet to 
reach a temperature where a stoichiometric mixture can exist at or 
near the fuel surface. The evaporation delay is identified as part­
ly physical and partly chemical and is defined as a function of the 
evaporation rates. Expression© are derived for the heating up delay 
and the evaporation delay for various cases (a theoretical expression 
is derived for the evaporation rate of a droplet in the ’spheroidal* 
state on a heated surface) and the experimental results for the 
effects of droplet size and the initial temperature of the fuel on
the ignition delay are shown to be as indicated by these expressions. 
It is also shown that for droplets of high boiling point fuels such 
as kerosine and diesel fuels, In stagnant hot atmospheres or falling 
through heated air, the heating up delay occupies a significant 
proportion of the ignition delay and at high temperatures the 
ignition delay is virtually the heating up delay*
It is shown that additives in the fuel produce significant 
reductions in the ignition delays of kerosine droplets falling on 
a heated surface and that the dosages for certain additives are 
critical*
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CHAPTER. 1
INTRODUCTIOK. LITERATURESURVEY AND 
AIM AND SCOPS O F :INVESTI GATION
18
1*1 Introduction.
Contrary to previously hold beliefs Meurer ^  showed that
the operating characteristics of a compression-ignition engine
can be improved by directing the fuel as a coarse spray on to the
( t o )
walls of the combustion chamber. Recent photographic studies  ^
have also shown that in compression-ignition engines, particularly 
those with small combustion chambers, a large proportion of the 
injected fuel strikes the combustion chamber walls, even if not 
so intended. In gas turbines employing vaporising tubes, the fuel 
comes into contact with a heated surface. Furthermorein the 
storage, handling and distribution of liquid fuels, the possibility 
exists of the fuel accidentally coming into contact with heated 
surfaces.
It is clear therefore that the behaviour of liquid fuel drop­
lets impinging on a heated surface is of importance in the field 
of combustion. The aspects of the problem that are of signifi­
cance are the evaporation, ignition and combustion of the droplets*
/»i \
Previous workersV^ have measured the total evaporation and com­
bustion times of individual liquid fuel droplets falling on a 
heated surface. They did not, however, measure the ignition delay 
times. Over the past fifty years or more a considerable amount of 
work has been carried out on the spontaneous ignition of liquid 
fuels. Most of this work has been confined to the determination 
of the minimum temperatures (Spontaneous Ignition Temperatures) at 
which a droplet of the liquid fuel under consideration would
19
undergo spontaneous Ignition when allowed to fall into a heated
crucible or v e s s e l S c a r c e  attention was paid to the measure-
of
ment of the associated ignition delays or the variation^ the ignition
delays with the temperature of the heated crucible or vessel. Thus
there is a great need for the measurement of the ignition delays
of individual liquid fuel droplets falling on a heated surface.
The present investigation, therefore, is largely concerned with
the measurement of such ignition delays.
In any practical combustion system, the fuel droplets are
introduced into the combustion chamber at a high initial velocity
and move through heated air before coming to rest at the walls. To
further the understanding of the liquid fuel droplet in an actual
combustion system, therefore, it is essential to study the behaviour
of liquid fuel droplets moving through heated air. Some work has
been done on the spontaneous ignition of liquid fuel droplets falling
(61)through heated air but in general data on the spontaneous ignition 
and ignition delay of liquid fuel droplets under such conditions 
are scarce. In the present Investigations liquid fuel droplets will 
be allowed to fall through a heated column of air and their sponta­
neous ignition behaviour studied.
Theoretical approaches to the correlation of ignition delay 
data have been largely based on the assumption that the measured 
ignition delays are predominantly chemical^ \  That there is a 
physical part involved in the ignition delay of liquid fuel drop­
lets has long been recognized but theoretical approaches towards 
evaluating this so called physical delay has been handicapped by
20
the necessity to Make assumptions regarding its nature and duration. 
Thus Priem et assumed that the physical delay is the time
taken for a stoichiometric fuel/air mixture in the vapour film 
surrounding the droplet to attain its spontaneous ignition temper­
ature. This assumption involves the use of experimentally deter­
mined values of spontaneous ignition temperatures which themselves 
depend on the apparatus and the experimental procedure. Further­
more these determinations are at either unknown or at very long 
delays, of the order of 39 sec, or more, by which time the droplet 
would have possibly completely evaporated.
It is the intention in the present investigations to examine 
anew the processes that occur when a liquid fuel droplet is intro­
duced into a hot.atmosphere and to evolve fresh concepts as a basis 
for the definition of the so called physical delay. The purpose of 
the theoretical approach cam be considered served in the present 
investigations if it can be shown that a part of the ignition delay 
of an individual liquid fuel droplet under a given set of conditions 
can be computed and that the effects of such factors as the droplet 
size and the initial temperature of the fuel on the ignition delay 
are in qualitative agreement with the theoretical considerations.
1*2 ' Literature Survey, . . '.
The phenomenon of spontaneous-ignition has been 
studied extensively over the past fifty years or more and 
the fact that these studies continue today quite unabated 
only emphasises the complexity of the problem* The defi­
nition of the terra ttspontaneous-ignitionw is not quite 
precise. It would appear that the meaning attached to 
the term will to a large extent depend on the context in 
which the phenomenon is observed. In general, when a 
combustible mixture is subjected to certain conditions of 
temperature and pressure, the reactions taking place within 
the mixture result in a flame. The transition from a 
reaction without the emission of visible radiation to one 
accompanied by visible radiation, without the assistance 
of a naked flame or spark, may be called "spontaneous 
ignition*, the phenomenon of *cool* flames being excluded 
from the above definition, though under certain circum­
stances *cool” flames precede and pass over into the *hot* 
or *normal* flame
The term ”spontaneous-ignition*, when used to describe 
the processes occurring in a homogeneous combustile mixture, 
is capable of analysis on precisely definable conditions. 
Thus in a homogeneous combustile mixture, ignoring wall 
effects, the processes occurring at any one point in the
22
system are the same as the processes oceuring at any other 
point in the system. The course of the reaction at the 
point considered, therefore, will be, ideally, uninflu­
enced by the rest of the system*
In homogeneous combustile systems, with no wall 
effects, the spontaneous ignition phenomenon observed-may 
be attributed entirely to chemical factors, physical pro­
cesses such as diffusion having only very slight effect
or none at all due to the absence of thermal and concen-
(5)tration gradients' 7. In the presence of wall effects,
thermal and concentration gradients exist at or near the
walls due to heat losses and chain termination at the 
(6 }walls' 7 and consequently diffusions! processes exert an 
influence on the course of the reaction.
Systems of this kind have been treated by Seraenov^^, 
Hinshelwood^^ , Frank-Kamenetskii^ \  Todes(^) and others 
(10,H) to yield criteria for Mspontaneous ignition*1.
The spontaneous ignition of liquid fuels however 
cannot be treated in the same way for the reason that 
homogeneity rarely exists; the fuel is present in the 
liquid form or in the vapour form and mixing of the vapour 
with the oxidant, say air, may not be complete before 
ignition takes place. Under these circumstances it is 
questionable whether theories developed for homogeneous 
combustile systems are directly applicable to the spon­
taneous ignition of liquid fuels.
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In practice liquid fuels are burnt as a spray con­
sisting of a large number of droplets of varying sizes. 
Around these droplets there exist large thermal and con­
centration gradients and the associated heat and mass
transfer processes can considerably influence the course
(5)of the reactions w/ .
Attention has been focussed in recent years on the
evaporation rates and combustion rates of individual
fuel droplets and in some cases clusters of droplets in
stagnant and moving hot atmospheres, and it has been
established that the evaporation and combustion rates of
fuel droplets are almost entirely governed by the physical
(12-37)laws of heat and mass transfer' .
These studies are applicable to those droplets in 
the combustion chamber which vaporise, ignite and b u m  
out completely before they strike the combustion chamber 
walls. It has been established, from photographic studies 
that in compression ignition engines, particularly those 
with small combustion chambers, quite a large proportion 
of the injected fuel strikes the combustion chamber walls. 
The Meurer p r o c e s s a s  used in the M.A.N. engine, deli­
berately directs the fuel spray as a stream on to the com­
bustion chamber walls. Alcock and Scott experimenting
(39)with various engines'-^' observed that the ignition took 
place in the fine spray blown off the fuel jets or splashed 
off the walls.
In view of these observations it is evident that 
the combustion chamber walls play an important part in 
the heating, vaporisation, ignition and combustion of* the 
fuel droplets. Therefore in order to proceed towards 
a more comprehensive understanding of the combustion of 
liquid fuels as it takes place in a combustion system it 
is necessary to study the behaviour of fuel droplets
striking a heated surface.
(41)
Tamura and Tanasawa' 9 conducted a series of experi­
ments in which a liquid fuel droplet was allowed to fall 
on to a heated surface and the time taken for the droplet 
to evaporate completely - the life-time - was determined. 
They found that the life-time of the fuel droplet was 
"critically" dependant on the temperature of the heated 
surface,- thes life time exhibited a minimum and a maxi­
mum.
In the studies with individual droplets it has been
found that the combustion rates follow the same pattern
as the evaporation rates albeit with numerically larger 
(37)values . The influence of evaporation rates on the 
combustion rates may therefore be considered established.
No work appears to have been done to determine the 
influence of evaporation rates on the "spontaneous ignition" 
of liquid fuel droplets, though evidence is scattered in 
the literature to indicate that evaporation rates may 
influence spontaneous ignition and ignition delay of
liquid fuels *
One of the methods used for the determination of 
“spontaneous ignition temper attires* is the “oil drop* 
method. In this method drops of liquid fuel are allowed 
to fall into a heated crucible and the lowest temperatures
of the crucible at which spontaneous ignition is obtained
' ■ • (42)is recorded as the spontaneous ignition temperature.'
A few of the investigators engaged on the determination 
of spontaneous ignition temperatures by this method, also 
studied the variation of the ignition delay with the tem­
perature of the crueible^,^ *^2*^»^5f 46) and in a few 
instances discontinuities in thexignition delay curves 
were observed In certain cases zones of "non-
ignition* - temperature ranges in which no ignition 
occurred, although ignition was obtained at lower tempera-
(2 46)tures - have been isolated' * . The material and con­
dition of the crucible has also been found to have some 
effect on the results by the oil drop method, more so
with fuels which undergo spontaneous ignition at higher
(47 )temperatures. Thus Frank and Blackham' f/ stated that
the material or condition of the surface had very little
effect on substances which undergo spontaneous ignition
at temperatures below 290°C whilst the effect on other
(43)substances was considerable. Ono' ' also found that
coatings of various substances on the bottom and side wall
of the crucible had some effect on certain fuels but very 
little effect on others.
(4l)
In the light of the results of Tamura and Tanasawa' '
regarding the critical dependence of the evaporation rates 
of liquid fuel droplets on the temperature of the heated 
surface, it is necessary to examine the above observations 
to determine whether they are explicable in terms of the 
evaporation rates involved.
In general, the minimum temperatures at which ignition 
is obtained by the oil drop method are far lower than 
those obtained with droplets suspended in stagnant hot 
atmospheres, particularly with easily ignitable fuels, 
though the ignition delays in the former case have been 
much longer. With the ignition resistant fuels however 
the differences are not very great. This is illustrated 
by the following table, the numbers within brackets indi­
cating the source of the data.
Table 1
Spontaneous Ignition Temperature 
and Associated Ignition Delays
v Oil drop method Suspended droplet
Fuel
T Glfip *
°c.
delay,
sec.
Temp.
°c.
delay, 
sec.
Kerosine 229 210 (4 5 ) 563 2.4 (37)
Cetane 235 ? (46) 360 1.82 (27)
a Methylnaphthalene 529 23 (45) 530 i.8 (27)
Benzene 362 32 (45) 680 3*4 (37)
As can be seen large differences exist between the 
results for the easily ignitable fuels, but the results for 
the ignition resistant fuels dor not appear to be entire­
ly irreconcilable, indicating that there is a common 
factor between .the oil drop method and the suspended drop­
let method for the ignition resistant hydrocarbons.
This needs investigation.
The influence of droplet size on the ignition delay 
of liquid fuel droplets has been the subject of some con­
fusion. The experimental results obtained for the depen­
dence of ignition delay on droplet size have been inconclu­
sive. M u l l i n s M a s d i n  and Thring^^ and Nishiwaki^^)
28
reported an increase in ignition delay with increased droplet 
size, while Wood and Charvonia^^ reported an optimum droplet 
size for which the ignition delay is a minimum. Zabet&kis et 
alC^*^) found that an optimum droplet size gave the lowest 
spontaneous ignition temperature* Sortman et al^4^  found 
that under certain circumstances and for certain fuels, the 
ignition delay decreased with increasing size of the droplet. 
Obviously clarification is needed on this point.
1,3 Aim and Scope of Present Investigations.
The main aim of the present investigations is to study 
the effect of the temperature of a heated surface on the spon­
taneous ignition and ignition delay of liquid fuel droplets 
falling on the heated surface. The influence on the ignition 
delay of various factors such as fuel type, droplet size, 
initial temperature of the fuel, material of the heated.'surface 
and additives in the fuel will be investigated. The spontaneous 
ignition and ignition delay of liquid fuel droplets falling 
through a column of heated air will also be studied,
A theoretical approach will be made to study the effects 
of various factors on the spontaneous ignition and ignition 
delay of individual liquid fuel droplets. The emphasis in the 
theoretical approach will br on the physical aspects of the 
spontaneous ignition phenomenon rather than the chemical aspects,
CHAPTER 2
GENERAL CONSIDERATIONS
30
2*1 Introduction,
In this chapter a theoretical approach will.'be made to 
study the effects of various factors on the spontaneous ignition 
and ignition delay of individual liquid fuel droplets. The app­
roach may be best understood by visualising the processes that 
occur when a liquid fuel droplet is introduced into a hot atmos­
phere as follows :~
1) The temperature of the fuel droplet increases until it rea­
ches its steady state,
2) During the course of this temperature rise, the droplet 
reaches a temperature where a combustible mixture Is formed 
at or near the fuel surface.
3) The fuel vapour evolving from the droplet moves away from . 
the fuel surface, heating up and Interdiffusing with the 
air as it does so.
4) The reactions occurring between the fuel vapour and the air 
in the interdiffusion zone eventually lead to the initiation 
of a flame.
2.1,1 The Ignition Delay,
The time lapse between the introduction of the fuel droplet 
into the hot atmosphere and its eventual ignition is called the 
ignition delay. The ignition delay is usually divided into two 
parts, viz* the physical delay~and the chemical delay, the 
physical delay preceding and overlapping the chemical delay. The 
usual difficulty encountered with heterogeneous systems, as the
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one described above, in evaluating the physical delay and the 
chemical delay, is in .separating the two. It is proposed to 
make an advance''towards resolving this difficulty by introducing 
two new terms. The terms proposed are the ’heating up delay1 and 
the ’evaporation delay*.
2.1.1 (i) The Heating Up Delay.
. / ■
From the outline of the processes occurring subsequent to 
the Introduction of of the fuel droplet into the hot atmosphere, 
it is clear that a combustible mixture is first formed at or 
near the fuel surface when the liquid fuel surface reaches a 
particular temperature. Before the liquid fuel surface reaches 
this temperature no ignition would be possible. It therefore 
follows that this temperature is the minimum physical condition 
necessary for the occurrence of ignition. The time taken for 
the droplet to reach this minimum physical condition will be 
called the ’heating up delay*. Evidently the heating up delay 
will depend on the system studied. It should be pointed out 
that the heating up delay as defined here is the only part of 
the ignition delay which can be called truly physical, as once 
the combustible mixture Is formed, chemical reactions are poss­
ible and the processes occurring subsequently are partly physical 
and partly chemical.
2.1.1 (ii) The Evaporation Delay.
Once the droplet has reached the minimum physical condition 
i.e. it has completed Its heating up delay, ignition will be
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possible provided certain other conditions are satisfied. Con­
sidering again the processes outlined in section 2 .1 , we see that 
the concentration and temperature history of the fuel vapour 
leaving the fuel surface will depend on the rate at which the 
fuel vapour moves away from the fuel surface and interdiffuses 
with the air, i.e. the evaporation rate. We shall now introduce 
a term called the ’evaporation delay* and define it as a function 
of the evaporation rate. The meaning of this term and the method 
of determining it will depend on the system studied.
Since the case of the droplet in an infinite stagnant hot 
atmosphere is the most familiar one;f it would be best to first 
interpret the meaning of the evaporation delay for this case. 
After the completion of the heating up delay, there will come 
into existence around the droplet a vapour/air film, being rich 
in fuel vapour close to the fuel surface and deficient in fuel 
vapour at some distance away from the fuel surface. It is 
apparent that the position and width of the possible reaction 
zone - the zone containing mass fractions from the rich limit 
to the weak limit - and the time of formation of this zone will 
be a function of the evaporation rate ; as will be made apparent 
in due course, the greater the mass evaporation rate, the greater 
the thickness of the possible reaction zone and vice versa. A 
measure of the evaporation delay may therefore be obtained for 
this case by determining the thickness and position of the 
possible reaction zone in terms of the evaporation rates. The 
same expression should Indicate the influence of various factors
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on the evaporation delay.
When the droplet is placed in a confined space, the vapour 
flow pattern around the droplet will become, distorted, the 
distortion tending to create a homogeneous mixture zone around 
the droplet. The droplet then acts as a source of Vapour for 
the formation of a fuel/air mixture in the confined space. A 
measure of the evaporation delay in this case can then be obtai­
ned by calculating the time taken for a certain mass of fuel 
vapour to be evolved from the droplet.
For a droplet on a heated surface, the vapour flow pattern 
depends on the temperature of the heated surface^^ (see Appen­
dix II). In the spheroidal state the droplet assumes a near 
hemispherical shape and the vapour issues from the periphery 
of the vapour layer between the droplet and the heated surface. 
The heating of the vapour issuing thus, by the surface, causes 
it to rise and thus distort the otherwise radial flow of vapour. 
This as with the case of the droplet in a confined space tends 
to create a homogeneous mixture zone around the droplet. The 
evaporation delay may therefore be deduced by calculating the 
time taken for the droplet to evolve a given mass of fuel vapour.
2.1.1(iii) The Chemical Delay.
The chemical delay is usually defined as the time lapse 
between the introduction of a homogeneous combustible mixture 
into a hot space and its eventual ignition. In heterogeneous 
systems the chemical delay is not so easily defined. As has been
3b
mentioned earlier, reactions may be presumed to start as soon
as a combustible mixture is available* Thus the chemical delay
may be said to commence with or shortly after the end of the
heating up delay and end with the initiation of the flame. Thus
the chemical delay virtually overlaps the evaporation delay and
may-
under certain circumstances/be indistinguishable from the latter,
2.1.2 Outline of Theoretical Approach.
From.the foregoing analysis it is clear that in order to 
study the effects of various factors on the spontaneous ignition 
and ignition delay of liquid fuel droplets, the following line 
of approach will be fruitful
1) Evaluating the minimum temperature of the liquid fuel droplet 
necessary for the formation of a combustible mixture at or 
near the fuel surface.
2) Evaluating the time taken for the droplet to reach the above 
temperature from its initial conditions - the heating up
. ■delay*
3 ) Deriving relationships for the evaporation rates of liquid, 
fuel droplets.
h) Using the above evaporation rate relationships to derive 
expressions for the evaporation delay,
3 )  . Obtaining expressions for the chemical delay. ;
6) Determining the effects of the heating up delay, the evapo­
ration delay and the.chemical delay on the ignition delay,
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In the foliowi%sections, the combustible mixture spoken of 
in the previous sections, will be taken as the stoichiometric 
mixture.
In order to make the analysis as general as possible, two 
cases are considered in this Chapter, viz. a liquid fuel droplet 
in a stagnant hot atmosphere and a liquid fuel droplet in the 
spheroidal state on a heated surface. The same approach is then 
made in Chapter 10 to the case of a droplet falling through a hot 
air column.
An established relationship already exists in the literature 
for the evaporation rate of a liquid fuel droplet in a stagnant 
hot atmosphere. This relationship will be used for the approp­
riate case.
The behaviour of a liquid fuel droplet on a heated surface 
is rather complex and is described in greater detail in Appendix II, 
based on visual observations. These observations are Intended to 
supplement and substantiate those made by previous workers.
No theoretical relationship has so far been derived for the 
evaporation rate of a droplet on a heated surface. In Appendix II 
an expression is derived for thevevaporation rate of a droplet in 
the spheroidal state on a heated surface. This expression will be 
used for the appropriate case.
A study of the chemical delay is beyond the scope of the 
present investigations, and is of interest only from the point of 
its dependence on temperature. For this purpose the expressions 
already available in the literature will be used.
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2.2 Minimum temperature of Liquid Fuel Necessary for the 
Formation of a Stoichiometric Vapour/Air. Mixture at 
or near the Fuel Surface,
For the sake of simplicity let us consider the case of a
liquidfuel vapour/air system in equilibrium in a vessel in
which the total pressure and the temperature may be maintained
constant* The partial pressure of the fuel vapour above the
pressure
liquid surface will be the saturated vapour/corresponding to
the temperature of the vessel. The fuel sir ratio in the gas
phase for this state can be evaluated. As the temperature of
the vessel is raised, the fuel air ratio increases and at some
temperature, the fuel air ratio'will be stoichiometric. From
these considerations the temperature T, of the liquid
1
necessary to produce a stoichiometric fuel air mixture at or
near the fuel surface can be computed. This has been done for
the n-paraffinic hydrocarbons (Appendix I) and it is found that
the required temperature may be expressed as
X
Tt ■ * 0.74 - 70 (2.1)
L1 3
where is the normal boiling point of the liquid in °c.
Jb
Equation (2.1) is shown in Fig. 2-1* where the closed cup
(50 )
flash noints for hydrocarbon fuels is also shown . It is 
interesting to note that the closed cup flash points are for a 
number of hydrocarbons including narrow cut distillate fuels. 
The closeness between the temperature as predicted by equation
(2.1 ) and the closed cup flash puints is to be expected since
both define a temperature where the hydrocarbon concentration
in the air above the liquid surface becomes sufficient for comb­
ustion to occur. The closed cup flash point values are lower
than the temperatures predicted by equation 2 .1 because mixtures
(51)less than stoichiometric are capable of sustaining a flamew  , 
Open cup flash point values are in general higher than the closed 
cup values due to the diffusion of vapour away from the fuel 
surface with subsequent lowering of the hydrocarbon concentration 
in the air above the liquid surface. The fact that the closed 
cup flash point relationship applies to all kinds of hydrocarbons 
is of interest and it appears justifiable to assume that equation
(2 .1 ) also applies to all hydrocarbon fuels.
2.2.1 Minimum Spontaneous ignition Temperatures.
With most of the liquid normal paraffinic hydrocarbons 
the minimum temperatures at which spontaneous ignition has 
been obtained is quite low. Fig. 2-2 shows these minimum 
temperatures plotted against the boiling point of the fuel.
These values have been taken from Ref.i-2 and Ref.45* The latter 
gives consistently lower values for the liquid fuels. As can be 
seen, the minimum temperatures for the liquid normal paraffins 
do not vary very much, differing by only about 1x0°C. On the 
same figure is superimposed the line representing equation (2,1 )* 
From the closeness of the curves for the higher boiling point 
hydrocarbons it would appear that the minimum temperatures at 
which spontaneous ignition has been obtained for these fuels is 
largely -governed by the minimum temperatures at which a stoichio­
metric fuel air mixture can be formed. Thus if we consider
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n-Hexadecane (Tg a 287°C) the minimum temperature as predicted 
by equation 2 ,1 is ll±3°G whilst the minimum spontaneous ignition 
temperature reported is 205°C., a difference of only 62°C. The 
difference becomes smaller with the higher boiling point hydro­
carbons.
The fact that the minimum spontaneous ignition temperatures
reported for liquid fuels may be largely governed by the minimum
temperatures at which a combustible mixture can be formed is
(52)substantiated by the statement of Clarke ^ ' that he was able to 
spontaneously ignite gas oil at an air temperature of 1?°C,
In the present investigations it will be assumed that the 
minimum temperature of the liquid fuel droplet required to form 
a stoichiometric vapour/air mixture at or near the fuel surface 
is that given by equation 2 ,1 .
It should be noted that equation 2*1 is derived for a closed 
system where diffusion of the vapour away from the fuel surface 
is neglected. The effect of this diffusion would be to raise 
the minimum temperature as calculated using equation 2 .1 ; the 
correction necessary to take into account the effects of diffusion 
would be greatest for the more volatile fuels.
Having calculated the minimus temperatures using equation 2.1, 
the heating up delay can then be obtained as in the next section.
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2.3 Expressions for the Heating Up Delay.
•' 2.3.1 Droplet in a Stagnant Hot Atmosphere.
When a liquid fuel droplet is suddenly introduced into a
hot atmosphere, it begins to heat up and at the saqje time begins
(17-20)to vaporise, the rate of vaporisation increasing with time 
We may as a first approximation assume that during the initial 
stages vaporisation is negligible and that the change in diameter 
of the droplet during the heating up delay is negligible.
For a spherical droplet therefore, neglecting heat transfer 
by radiation and assuming a mean, liquid temperature we may
write
-  h(W  . ™ 2 (2.2)
where D - diameter of droplet
P -  density of liquidJj ~
C ■ specific heat of liquid
PL
h z coefficient of heat transfer
T s temperature of hot atmospherea
T * temperature of liquid.
Integrating equation (2.2) and applying boundary conditions, 
we have
T  - T  •
in = J z h - *  (2-3)
Ta - %  » l l \
where initial temperature of liquid.
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The heating up delay ends ?/hen the temperature of the
liquid reaches the temperature ?T as defined by equation 2.1 .
1
The time t^ taken for heating up the liquid droplet to the required 
temperature is therefore given by
Dp Ta~^L
h s TZ CPt ln  ^rTm'Tr‘°) (2.4)6h T -Tt v ha Lx
In the absence of precise information on the heat transfer 
coefficient for the stated conditions, the heat transfer coeffi­
cient for solid spheres in stagnant atmospheres will be taken, i.e.,
(53)
Hu = 2
Hence equation (2.£j) becomes 
1)2 P C t>T " V
th * _ _ i _ _  ln  a (2 5 )
12k T - 1T ^
1
where k x thermal conductivity of the gas
evaluated at mean film temperature*
2.3.2 Droplet in the Spheroidal State on a Heated Surface.
In the temperature range where normally evaporation takes 
place in the spheroidal state, a layer of vapour is established 
almost immediately after the droplet makes contact with the sur­
face. Droplets of the size used in the present investigations 
assume a near hemispherical shape (see Appendix II). Heat 
transfer to the droplet takes place through a thin vapour film.
The lowermost layer of the dr&piet may be assumed to be substan-
tially at the boiling point of the liquid. Under these conditions 
the heat transfer equation may be written making the same assump­
tions as in section 2,3*1 as
JL* v? P o . dTh a n r>2 .^ y(t - t
jtj o 'l P^ ^ o £ s sat (2.6)
where Dq r diameter of droplet as seen in plan
on the surface 
kv = thermal conductivity of the vapour
layer
8 z thickness of the vapour layer
s mean temperature of the droplet
Tg = temperature of heated surface
^satr saturation temperature of liquid
Integrating equation (2,6) and applying boundary conditions
t :  0 , and t s * we ^ave
o 1
i . D J  C J  ,Tt - T. . 
r L ^  i o ' 
<Ts “ ^sat)
(2.7)
The thickness of the vapour layer 8 will be a function of 
the diameter D of the droplet. According to later considerations 
(see Appendix II equation II.1 9 ) it is seen that £ is dependant 
on If we assume that S r KD^ we have
X-2V c
k2>
Equation (2. 3 ) gives the heating up delay for a droplet 
in the spheroidal state on a heated surface and indicates that 
the heating up delay decreases linearly with the initial temper­
ature of the fuel and increases with the diameter of the droplet 
to the power 1 .25.
2.3.3 Magnitudes of the Heating uo Delays.
To obtain an idea of the magnitudes of values predicted 
by the respective expressions, the heating up delays in air 
for 2 mm. diameter droplets of n-octans, n-decane and n«hexa— 
decane have been calculated for various air temperatures and 
the results are shown in Fig. 2-3* The unknown constant K in 
equation (2 . 3  ) precludes the calculation of similar results 
for a droplet in the spheroidal state on a heated surface.
The initial temperature for n-hexadecane was taken as 20°C as 
the freezing point of this fuel is 18°C.
2* V Expressions For ‘The Evaporation Delay.
2.4*1 Proplet in a Stagnant Hot Atmosphere
It has been established .  ^ that the rate of change
of diameter of a spherical droplet in a stagnant hot atmosphere 
may be expressed for steady state evaporation by the equation
where PQ s initial diameter of droplet
(2.9)
D ■ S diameter of droplet at time t 
C z evaporation constant 
The mass rate of evolution of vapour m from the fuel 
droplet at any instant t may be obtained from equation (2 . 9  ) as
Use of equation (2.10) as it stands is misleading in that 
it predicts a maximum mass evaporation rate at t~ 0 f Strictly 
t* should be used for t where t* is given by
t* * where tQ is the time for droplet to readk
a steady temperature,
2.4.1 (ii) Thickness of Possible Reaction %one.
m (2.10)
Using equation (2. 9 ) but keeping in mind that t represents 
time measured from the instant the steady state is reached, we 
may write by conservation of mass and assuming constant density
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* n 2rn
s s Z m4'r
2 ..
1A1 m2r 2
m’*r
r, = s sA”1
a
4*A»
(2.11)
(2.12)
and similarly
m (2.13)
v/hsre m 11 a mass flux of fuel vapour
r z distance from droplet centre
-suffices 6 ,1 , 2  refer to droplet surface and other 
points away from the droplet \m £ f& e e s -1,
Let us define m£f and m ” as those mass fluxes correspon­
ding to local mass fractions equivalent to the rich and weak 
limits respectively. Hence the thickness of the possible 
reaction zone will be given by
r 2 " rl A i (2.14)
Substituting for m from equation (2.10) we have
-  ,  P i F e J *  iZ ( Vi*r 2 - ri = ( -if) D; * 1 °et’
* 1 1
D2 /ft"O J -
(2.15)
It is reasonable to assume that the probability of ignition 
is a function of the thickness of the reaction zone i.e. the 
wider the reaction zone the greater the probability of ignition 
and vice versa. According to equation (2 *1 3 ) therefore it
would be easier to obtain ignition with larger droplets than
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with smaller ones and conversely that the timr lapse between 
the attainment of steady state evaporation and ignition should 
decrease with increasing diameter of the droplet. The experi-
stagnant hot atmosphere are in agreement with the above analysis. 
He measured the time lapse between the droplet attaining steady 
state evaporation and ignition and found that this time lapse 
decreased with increasing diameter of the droplet,
2«h*l (iii) Time Taken to Evolve a Given Mass of Fuel
Equation(2.1 5) aay be held to be valid when ignition 
takes place in an infinite stagnant hot atmosphere, YThen the 
droplet is placed In a confined space a measure of the evaporation 
delay may be obtained from the time taken for a certain mass of 
vapour to be evolved.
Using equation (2, 9 ) we obtain for a mass of fuel vapour 
<fm to be evolved
(27)
mental results of Nishiwaki for a droplet suspended in a
Vapour
(2.16)
substituting from equation (2 .9 ) we have
Sa Z JJ -P - (D*" - C t / 26 *- o o e (2.17)
for small values of t and since t ^  -g
e
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we have
i.e.
whence
S m z
m z
- r r  C
X -  P
4 l o Da
o
-2- ^ l .c .d .t4 @ 0
t - _ J £
■ ^ L 6.
4*—  (£m)* D
(2.IS)
(2.19)
(2.20)
2.4.1 (lv) Effect of Temperature on the Evaporation Delay.
The effect of temperature on the evaporation delay is
(16 2^implicit in the evaporation constant C . According to Spalding' * ^
CQ is given by
In (2.21)
where Jd z diffusion coefficient
P z density of hot atmosphere
§
c z specific heat of gas 
T - temperature of hot atmosphere 
Ta * temperature of liquid fuarlS *
surface
Q s heat to evaporate unit quan­
tity of fuel.
0
density of liquid.
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2.4*2 Droplet in the Spheroidal State on a Heated Surfa.ce,
2.4.2 (1) Mass Rate of Evaporation.
The expression derived for the change of diameter with 
time for a droplet in the spheroidal evaporation state on a 
heated surface (Appendix II, equation II.17 ) is
~ 1^.25 rJL.25  ^ ■
V  - » = ce 4 (2 .2 2)
where D„ is the initial diameter of the o
droplet as seen in plan on the 
surface
D is the diameter at any instant t,
C is the evaporation constant.
&
The mass rate of evaporation of vapour is obtained from 
equation(2 .2 2) as
7f Pr t inc. C t 1.4
ft z D1,75 (1 - ?■%■,) (2.23)5 o ' pi.25 .
o
2.4.2 (ii) Time Taken to Evolve a Given Hass of Vapour.
Using equation (2.22£ we obtain for the time taken to 
evolve a mass of fuel vapour £&
ttP l
12 "o,m s 1)3
C t
1 - (1 —  "v '-c- )
D ^
3/1-23 ,
(2.24)
C
for small t and since t ^  a
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we obtain
t s SSLsi * -J,7TprC L o D1.75
(2.25)
2.4*2 (ill) Effect of Temperature on the Evaporation Delay.
The effect of temperature on the evaporation delay is
implicit in the evaporation constant C
CQ is given by
T —  r p
( s sat)
Q
From Appendix IX
(2.26)
where I s temperature of heated surface s
^sat = saturation temperature of liquid
Q s heat required to vaporise unit
mass of fuel from initial temper­
ature
kv s thermal conductivity of vapour 
P = density of vapour
P^ 9 density of liquid
^ - a constant
Expressions for the Chemical Delay.
In a heterogeneous combustible system, the application of 
the principles of chemical kinetics is difficult due to the ever-
k9
chan: ing concentration and temperature patterns within the system. 
However a certain amount of information obtained for homogeneous 
combustible systems may be used to predict the influence of 
chemical factors on heterogeneous systems albeit in an overall 
manner.
Various expressions have been derived in the literature
for the chemical delay. All these are based on the Arrhenius
(6)reaction rate expression. Thus Semenov for a homogeneous
combustible system derived for the time lapse 't (induction
period) betv/een the introduction of the combustible mixture into 
the hot atmosphere and its eventual explosion or in£Lanimation 
the following expression
JL
X  a Ae® (2.27)
where A is a constant for a given system
E is the activation energy
R is the universal gas constant 
T is the absolute temperature.
Todes obtained for the Induction period for an adia­
batic or near adiabatic explosion
X  a Ae81 . T2 (2.28)
Hinshelwood^ obtained for high temperature collieional 
reactions
£
T  - Ae / T (2.29)
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Though the strict applicability of any of the above three 
equations to the spontaneous ignition of liquid fuel droplets 
is questionable, they indicate the effect of temperature on the 
chemical delay and hence the ignition delay. According to the 
above equations the chemically delay is exponentially dependant 
on the reciprocal of the absolute temperature and hence decrea­
ses rapidly with increase in temperature.
If the ignition delay were purely chemical, a plot of 
ln(delay) against the reciprocal of the absolute temperature 
according to equation(2.27) should yield a straight line whose 
slope multiplied by the universal gas constant gives the acti­
vation energy.
2#6 Summary of Factors Affecting the Heating un Dei^y 
and the Evaporation Delay,
Table 2-1 shows the various expressions derived for the 
heating up delay and the evaporation delay for the two cases 
of a droplet in a stagnant hot atmosphere and of a droplet in 
the spheroidal state on a heated surface. It is evident from 
Table 2-1 that the heating up delay increases with increasing 
droplet size in both cases, the droplet size having a greater 
effect for the case of the droplet in the stagnant hot atmos­
phere. The evaporation delay on the other hand decreases with 
increasing droplet size, being more pronounced for the case of 
the droplet on the heated surface. The appropriate expressions 
for the evaporation constants indicate that the evaporation
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delay for the droplet in the stagnant hot atmosphere will be more 
dependant on the temperature.
It is evident from fable 2~1 that the heating up delay for 
the case of the droplet in a stagnant hot atmosphere can be evaluated, 
fhe evaporation constants for the case of the droplet in the stagnant 
hot atmosphere and that in the spheroidal state on a heated surface 
can also be evaluated. The unknown constant K in the expression 
for the heating up delay for the droplet in the spheroidal state on 
a heated surface precludes a numerical evaluation of the heating up 
delay for this case. Similarly, the expressions for the evaporation 
delay are not capable of quantitative assessment in the present 
state of knowledge of the subject. For the purposes of the present 
investigations however these expressions can be used to indicate 
qualitatively the influence of the various factors involved on the 
ignition delay of individual liquid fuel droplets.
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2*7 Influence of the Heating up Delay, the Evaporation Delay 
and the Chemical Delay on the Ignition Delay,
The various expressions derived in the previous sections 
indicate the influence of various factors such as fuel type, droplet 
size, and initial temperature of the fuel on the heating up delay 
and the evaporation delay*
In the following sections, the effect of the te^peratux'e of 
the stagnant hot atmosphere or the effect of the temperature of the 
heated surface,.as the case may be, on the ignition delays of 
individual liquid fuel droplets will be analysed.
As has been pointed out earlier (section 2.1,l(i)), the 
heating up delay is the only part of the ignition delay which may 
be called truly physical, the chemical delay overlapping the evapo­
ration delay which is partly physical and partly chemical. In the 
following analysis, however, for convenience, the heating up delay 
and the evaporation delay will be assumed to constitute the so 
called physical delay.
In the spontaneous ignition of .liquid fuel droplets, both the 
physical and the chemical delays contribute towards the ignition 
delay. Due to the fact that the chemical processes commence 
before the completion of the physical processes, the Ignition 
delay Is not the sum of the physical and chemical delays.
At low temperatures, both the chemical and the physical 
delays are long. Consequently, the ignition delay is long. As the
3k
temperature increases, the chemical delay decreases rapidly 
(equation 2,2?) whilst the physical delay decreases less rapidly, 
the result being that an ever increasing proportion of the igni­
tion delay measured constitutes the physical delay.
2.7.1 Droplet in a stagnant Atmosphere.
The lif® time of a droplet in a stagnant hot atmosphere 
decreases continuously with increase of temperature of the 
atmosphere. Hence the physical delay decreases continuously 
with increase in temperature. Under these circumstances it 
would be difficult to detect the influence of the heating up 
delay and the evaporation delay on the ignition delay, except 
perhaps to find that the ignitiondelay does not decrease as 
rapidly as chemical kinetics predict.
The relative magnitude of the heating up delay as compared
to,the ignition delay for a droplet in a stagnant hot atmosphere
may be seen in Fig. 2-4 where the ignition delay curve obtained
(x 7 )
by Ma-sdin. and Thringwr/ for a 1.5 mm. diameter kerosine droplet 
is shown along-with the calculated heating up delay using 
equations(2.1) and(2. 5). It is seen that with increasing 
temperature the ignition delay curva tends to the heating up 
delay curve. Evidently the limiting ignition delay for the 
droplet is the heating up delay.
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2.7.2 Droplet on a Heated Surface.
The life time of a droplet evaporating on a heated surface 
varies critically with the temperature of the heated surface 
(see Appendix II). The effect of this critical dependence of 
the life time should be reflected on the ignition delay curves. 
The physical delay may be assumed to be some fraction of the 
life time of the droplet. The shape of the ignition delay curves 
for droplets falling on a heated surface should therefore be 
dependant on the temperature of the heated surface.and the 
minimum temperature at which ignition commences in the given 
apparatus. (For a full description of the behaviour of droplets 
falling on a heated surface see Appendix II).
Fig.2~5(&) shows a typical evaporation life curve. Let ©^, 
rePresent tke points corresponding to the points 
of inflexion, the maximum boiling rate point, the Leidenfrost 
point and a point well into the spheroidal evaporation range.
We may now divide all liquid fuels into classes according to the 
location of ©^. The ignition delay curves obtained in any 
apparatus may then be expected to £all into 5 distinct categories 
as described in the following sections.
2.7.2 (!) Case I ©± <  ©1
For fuels of this kind, i.e. fuels which commence ignition 
below their boiling points, the ignition delay curves should 
follow the curve shown in Fig.2-5(b)* The ignition delay at the
%lowest temperatures at which Ignition commences is long since 
both the physical and the chemical delays are long. With 
increase of temperature the chemical delay decreases rapisly, 
while the physical delay decreases less rapidly. At ©^ a 
change in the slope of the ignition delay curve will be obser­
ved if the magnitude of the chemical delay is the same or less 
than the magnitude of the chemical delay. At the physical 
delay is a-minimum and hence the ignition delay reaches a mini­
mum. Beyond the physical delay increases while the chemical 
deldy decreases and the ignition delay, if dominated by the phy- , 
sie&l delay, will increase until the Leidenfrost point is 
reached. After the region is one of decreasing physical d 
delay and hence the ignition delay will decrease with increase 
in temperature.
If the apparatus used is not capable of measuring long 
delays, a region of 1non-ignition* may be observed in the region 
between 9 ' and ©_. .
Z . l . Z  (ii) Case II ei^ 82
Ihe ignition delay curves for fuels which commence ignition 
between their boiling points and their maximum boiling rate points 
would follow the shape shown in Fig.2-5(c). Again is a region 
of rapidly decreasing chemical delay and less rapidly decreasing 
physical delay. The ignition delay curve would show a minimum
at or about the maximum boiling rate point. As for 6ase I, a
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zone of ’non-ignition1 may be observed between 0 and ©,.
2 3
2.7.2 (iii) Case III ©-<©.<©,
2 i 3
The ignition delay curve for fuels of this kind is shown 
in Fig.2-5(d). Ignition commences just after the maximum boiling 
rate points and hence the physical delay is short and the chemical 
delay is long. With increase of temperature the chemical delay 
decreases while the physical delay Increases. The result is 
that the ignition delay tends to a minimum somewhere between 
0- and ©T. In general.the pattern of evaporation in the transit 
tioh stage is not well defined and the ignition delays obtained 
in this region would tend to be ill-defined and may be consider­
ably affected by surface condition^.
As with Cases I and II a zone of ’non-ignition1 may be 
observed in the region ©^ * Q y
Z.7*Z (iv) Case IV ©^<©^<0^
This case is shown in Fig.2-5(e). Beyond the life curve 
follows a continuous pattern and hence the physical delay follows 
the same pattern. The ignition delay also should follow the same 
pattern. For fuels whose 0. is very close to ©^ the ignition 
delays in the region of ©^ is likely to be affected by factors 
which tend to promote a change in the evaporation pattern. Any 
reduction in the minimum temperature at which ignition commences 
v/ill tend to bring about large reductions in the ignition delays.
V/ith fuels of this kind no zone of ’non-ignition’ should 
be possible.
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2.7.a (v) Case V 6. >0,
- - - - - - - - - - -  l A
The possible shape of the ignition delay curve for this 
case is shown in Fig.2-*5(f). Here the pattern of evaporation 
is well established and any small reduction in 0^ will not affect 
the continuity of the ignition delay curve. At the initial stages 
both the chemical and the physical delays afe long and hence the 
ignition delay is long. With increase in temperature the physical 
delay begins to predominate and the ignition delay will then be 
largely a measure of the physical delay.
As with Case IV no ’zone of non-ignition* should be 
possible.
The shape of the ignition delay curves obtained for the 
various fuels and reported in Chapter k are in good agreement 
with the above analysis.
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CHAPTER 3
DESCRIPTION OF APPARATUS AND PROCEDURE
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3 . 1 v Electric Furnace and Heated Surface
The general arrangement of the apparatus and asso­
ciated equipment is shown in Plates 3-1 and 3-2#
The apparatus consists of a small electric furnace 
A (Fig.3-1) heating a disc Q, on to which was allowed to 
fall droplets of the fuel under test.
The furnace A was machined from refractory bricks, 
and carried the heater coil, made from 2k gauge 80 i 20 
Nichrome wire and mounted in a helical groove cut on the 
wall of al}11 diameter hole drilled in the refractory 
bricks.
Discs of quartz, stainless steel, copper, brass and 
aluminium were made. These were of 2” diameter and 
thick, with the upper face ground to a radius of 6M and 
polished. In the case of the metal disc a diameter 
hole was drilled into the side of the disc to a depth of 
-J” for the insertion of a thermocouple. The disc Q is 
supported in a slight recess at the top of the furnace A 
as shown in the figure.
The ’ignition spage” consisted of a cover B, also 
machined from refractory brick, which fits over the disc 
Q. Three holes were drilled in the top of the cover B, 
a c
fuel droplet, a second one f” diameter and f” from the 
centre for introduction of the thermocouples, and a third
entral one diameter for the introduction of the
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one diameter and from the centre for the detection
of the ignition.
All exposed surfaces were coated with a thin mix of 
MPyrumaw clay, and the treated parts were left in an oven 
at 1G0°C for Zk hours* This was found to prevent the 
refractory brick from crumbling.
3*2 Heater Circuit ■■
The heater coil was supplied from the mains through 
a variable transformer, The circuit incorporated an 
ammeter on the heater coilline and the ammeter readings 
served as a guide to the transformer setting required for 
any selected temperature# It was found that for a cold 
D,C, resistance of 30 ohms of the heater coil an increase 
of 0*05 amps between the variable transformer settings 
produced a temperature rise of the surface of about t 8 c ,
3*3 Temperature Measurement '
The teraperatures of the surface of each disc# the 
interior of the disc wherever possible, and that of the 
air above the surface of the disc were measured by quartz 
insulated chromel/alumel thermocouples* In all, five 
thermocouples were used, one in the disc itself (wherever 
possible), one making contact with the surface, and the
other three at various heights above the surface* All 
five thermocouples were connected to a multipoint switch 
and could in turn be connected along with a single cold 
Junction to a potentiometer reading in millivolts.
The thermocouples were first calibrated by using 
the melting point of lead and the boiling point of water. 
The discrepancy between the e.m.^s obtained and those 
published for ohromeI/alumel thermocouples was found to 
be negligible, Usually a batch of ten thermocouples was 
prepared and three were selected at random for calibration 
and these were not used in the actual experiments, because 
of contamination by the lead used in the calibration.
It was found that with the metal surfaces any varia­
tion in the contact pressure of the thermocouple touching 
the surface caused large variations in the e.m.f. readings 
With the quartz surface however the variation was quite 
small and amounted to only about 5°C*
The variation of the temperature of the air above 
the surface in relation to the temperature of the surface 
is given in Fig*3*2 and shows that this variation is 
quite linear, within the temperature range investigated*
Formation of Fuel Droplets
The fuel droplets were formed at the tip of a hypo­
dermic needle by feeding the fuel to the needle from a
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burette as shoY/rx in PXate >-1* ihe size of the droplet was varied 
by using needles of various sizes. Each needle was made from a 
5” length cut from lengths of tubing, The cut length was then 
carefully squared at the ends and one end was fused into a piece 
of glass tubing,.
The sizes of the droplets were determined by collecting a 
known number of droplets and weighing them on a torsion balance 
reading in units of Z mg.
Variation of the height of the fuel in the burette, within 
reasonable limits, was found to have a negligible effect on the 
size of the droplets*
The height of the needle tip above the heated surface was 
chosen so that shattering of the droplet on impact did not occur, 
During preliminary experiments it was found that the temper­
ature in the region of the tip of the needle rose steadily with rise 
of the temperature of the surface. To minimise any errors arising 
from this, the needle was surrounded by a water cooler and the 
temperature in this region maintained constant,^ When investigating 
the effect of the initial temperature of the fuel, hot water was 
passed through this cooler by introducing a copper coil heated by a 
bunsen burner in the inlet water line.
The first two droplets formed at the needle tip were discarded 
and the third one used for the tests. This was found to give con­
sistent results. This may be due to the fact that the temperature 
at the tip of the needle was not quite at the temperature of the 
cooler.
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3*5 Timing Arrangements.
The time interval between the droplet entering the central 
hole in the cover B and ignition was measured by means of a 
Cintel Microsecond counter triggered by two phototransistor and 
trigger circuits. The associated phototransistor and trigger 
circuits are shown in Fig.3-3 . The fuel droplet just before 
entering the cover B interrupts a light beam focussed on a photo- 
transistor and this impulse is relayed to the microsecond counter 
as a start pulse. The explosion in the vessel blows over a very 
light pointer (made of aluminium foil) pivoted in such a manner 
that it interrupts another light beam focussed on a second photo­
transistor and this impulse in turn is relayed to the counter as 
a stop pulse.
The errors involved in the measurement of the ignition delays 
Are in the response times of the electrical circuits employed, in 
the time taken for the droplet to reach the surface after interr­
upting the ‘starting beam1 and in the speed of response of the 
aluminium pointer used to detect the ignition. As is seen in 
Fig.3~3 two relays are employed in the trigger circuits. Since 
both relays react subsequent to the interruption of the correspon­
ding photobeams, the errors will cancel out provided the reaction 
times of both relays are the same. Even if not the same the error 
here is likely to be of the order of 2 msec. The time taken for 
the droplet to reach the surface after interrupting the ‘starting 
beam* was calculated to be 0,06 sec. and measured to be O . 0 7 sec.
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The error Involved in the response time of the aluminium pointer 
cannot however he so easily evaluated, The setting of this pointer 
was adjusted so that a small disturbance would trigger the circuit,. 
The sensitivity of the pointer can be gauged from the fact that 
the wire rider from a standard chemical balance placed on the 
pointer close to the pivot was sufficient to cause it to turn over* 
The error from the pointer may therefore be considered to be small*
The largest error is thus in the time taken for the droplet 
to reach the surface after interrupting the light beam. In the 
Figs. given in the following Chapters the ignition delays are 
given as the time taken from the instant the droplet interrupts 
the * starting beam1 to the instant that the pointer swings and 
breaks the * stopping beam** To obtain the ignition delay as the 
time from the instant the droplet reaches the surface to the 
occurrence of ignition 0.07 sec should be deducted from the 
values given in the Figs. Except for the case of isoamyInitrate, 
the correction amounts to about 10 % at the shortest ignitionn 
delays recorded.
3.S ■Procedire. -
The temperature of the disc was raised at a fairly rapid 
rate initially and droplets of the liquid fuel under test were 
allowed to fall on to the surface until ignition was obtained. 
Having located this ten^erature approximately, the current supply 
was reduced to lower the temperature. The temperature was then 
raised very gradually and a droplet of the fuel under test was 
admitted. After each droplet, whether ignition was obtained or
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not, the ignition space was scavenged by means of the hand "bellows 
shown in Eig,3-1. When ignition took place, the surface temperature 
was recorded against the reading of the Microsecond counter*
The procedure was repeated at frequent intervals with the temper- 
ature rising and again with the temperature falling, until 
ignition ceased, The maximum temperature used was about 600°G*
The readings of all the other thermocouples were recorded 
at intervals*
The effect of radiation from the heater coil could not be 
altogether eliminated, the quartz disc being particularly diffi­
cult in this respect* in that it was transparent to the radiation.
An attempt was made to evaluate the effects of radiation by inser­
ting a stainless steel shim under the quartz disc to shield the 
ignition space.from the radiation, at 1 eatt in the lower range of 
temperatures. It was found that this made very little difference 
to the observations,
3*7 Parameters Investigated.
Ignition delay/temperature curves were obtained for the 
following cases
1) Various fuels.
2) Effect of droplet size for various fuels.
3) Effect of initial temperature of the fuel for kerosine,
4) Effect of the material of the heated surface for kerosine,
3 ) Effect of additives in the fuel on kerosine.
Each of the curves drawn for ignition delay vs. temperature
I t
of heated surface in the fallowing chapters is the result of a 
large number of observations, the points on the curves being 
merely for identification. A typical curve obtained for 
kerosine is given in Appendix III to shoar the experimental results 
as obtained and the degree of scatter.
ROTS.
Except for (if) above, all the results were obtained on 
the quartz surface.
3 . 8  Properties of Fuols Ussd.
The properties of* the fuels used in the experiments 
are given in the table below.
Table 3-1
Fuel Formula Sp.gr.at 20 C
B.P.°G . 
at 1 atm•
Kerosine - 0.78 160-290 a
Diesel Oil A 
Diesel Oil B 
Diesel Oil C • «■*
0.81
0.77
0,83
I7O-3QO 0 
1 7 0-3 0 0* 
260-360a
D.Eng.R.D. 2498 
(JP.5 )
D,Eng.R.D, 2486 
(JP4)
0.82
O . 7 8
204-288 ^  
143-243 c
Hexane ■*" 
1Heptane 
n-Octane ^
c6h i4
■ V 16
C8H18
0,66
0.68
0.70
6 8 . 7
98.4
125.7
Iso-Octane ^
2Cyclohexane
C8H18
C6H!2
O .6 9
O .7 8
99*2
80 . 7
2N i tromethane 
Nitro ethane ^
CH3N02
c2h 5n°2
1.13
1.05
101
114
2
Isoamylnitrate
S H11N02 0.99 145
a Laboratory determinations by the author, to be con-
sidered only approximate, of the initial and final 
boiling points. 
b 10f> and Final Boiling Point as specified by suppliers.
7k
c 20^ and ^0$ distillation points as specified by 
suppliers*
1 pata from Ref* 5k
2 Data from Ref. 55*
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if. Introduction.
As has been mentioned in Chapter 1 section 1.1, the ignition 
delays of liquid fuel droplets falling on a heated surface have 
not been previously investigated. In this chapter are reported 
the results on ignition delays obtained when droplets of liquid 
fuel are allowed to fall on a hwated surface. The results are 
presented in the fora of curves of ignition delay vs. temperature 
of the heated surface. Visual observations regarding the nature 
of the flames accompanying ignition and other phenomena are reco­
rded. Plots of ln(ignition delay) vs. the reciprocal of the abso­
lute temperature of the heated surface have also been drawn, the 
reciprocal scale being marked in °C. for easier reading. The 
values of the slopes and intercepts of these semilogarithmic plots 
and the * activation energies* as deduced from the slopes of these 
plots are given in tabular form.
Fuels for which results are presented are
Kerosine
Diesel Fuels A, B and C.
Aviation Turbine Fuels : JP-^ and JP-5.
Hydrocarbons : Hexane, Heptane, n-Qctane, iso-Octane and Cyclo- 
hexane.
Nitrocompounds : Nltromethane and Nitroethane.
Isoamylnitrate.
(For the properties of the above fuels, see section 3*8.)
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The same size hypodermic needle (gauge 25, O.D. 0.02 in.) 
was used for the formation of the fuel droplets and the weights 
of the droplets varied from fuel to fuel. These weights are 
recorded in the appropriate figures. The temperature of the jacket 
surrounding the hypodermic needle was maintained between 15 and 2G°C.
4.1 KEROSINE.
The variation of ignition delay with the temperature of the 
heated surface for kerosine is shown in Fig. 4-1, The three sets 
of points shown in the figure are for observations taken on three 
different dates separated by months. As can be seen, the observa­
tions tenddd to vary slightly over a period of time.
The whole range of ignition obtained can be divided into 
three ranges. These are :-
(i) Ignition in the Contact Evaporation Stage.
(ii) Ignition in the Transition Evaporation Stage.
(iii) Ignition in the Spheroidal Evaporation Stage.
if.1.1 (i) Ignition in the Contact Evaporation Stage.
This extended from the lowest temperature at which ignition 
was obtained viz. 295^0,, to about 3?0°C. As see® in Fig, 4-1, & 
change in the trend of the ignition delay curve occurs at about
the temperature range 330-340°C. This range corresponds 
to the point of inflexion on the life curve for kerosine 
obtained by the use of equation ll.l (Appendix II).
The flames accompanying ignition in the temperature 
range 295° - 330°C were bluish, tinged with yellow. The 
explosion at the longer delays were rather violent as is 
to be expected from consideration of the amount of vapour 
air mixture present in the ignition space when ignition 
occurred.
In the temperature range 330-340°C the ignition was 
very weak and sometimes failed to occur? often a pressure 
pulse was obtained with no visible flame. The flames, 
when ignition occurred, were pale blue.
Definite ignition was again established when the tern-* 
perature of the surface was raised above 3^0°C, the ignition 
delay decreasing and reaching a minimum at 370°C* This 
temperature corresponds to the maximum boiling rate point 
according to equation XI,Z (Appendix II),
4.1,1 (ii) Ignition in the Transition Evaporation 
Stage .
Between 3?0°C and about 450°C the ignition delay in­
creased slightly at first and then more rapidly with in­
crease in the temperature of the heated surface. The read­
ings were rather scattered, the trend only being indicated 
in the figure. Often ignition in the latter part of this
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temperature range was not obtainable and sometimes ignition 
occurred with very short delays. When short ignition 
delays were obtained the hissing sound characteristic of 
the contact stage at about the maximum boiling rate point 
could be heard. This transition from the spheroidal to 
the contact evaporation stag© was found to be promoted by 
the presence of impurities on the surface.
2*. 1.1 (iii) Ignition in the Spheroidal 
Bv H p o r& t io t i  Sts.g^6
Beyond about k^Q°C the ignition established itself 
quite definitely and the ignition delay decreased steadily 
with Increasing temperature of the heatedi stirface. The 
ignition'delay obtained at the highest temperature invest!- 
gated was longer than the minimum ignition delay obtained 
in the contact evaporation stage the respective values being 
0.92 sec at 600°C and 0,86 sec at 370°C.
The flames accompanying ignition in the spheroidal 
evaporation stage were more yellowy and at higher tempera-* 
tures a whiff of black smoke issued from the apparatus at 
the end of the flame,
4.1.2
Figs. 4-l(a) and 4-l(b) show the results of Fig.4-1 
plotted in the form of In (ignition delay) jvs the reci­
procal of the absolute temperature of the heated surface
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for the contact and spheroidal evaporation ranges respect* 
ively, In both ranges the relationship is not linear.
The approximate values of the ©lopes ( h \  the intercepts 
(in A) and the wactivation energies11 (E) as derived from 
the slopes are given in Table 4*1 below.
Table 4*1 
KEROSINE
Evaporation Range b K '-lit A ;; c e l jk o l
Contact stage (max.) 1?150 - -23*12 . 34000
Spheroidal stage (max,) 8510 -10 .09 16900
Spheroidal stage (min.) 3670 — 4*14 7300
4.2 Diesel Fuels
Fig.4*2 shows the results obtained with three differ­
ent diesel fuels. Fuels A and B were reference fuels with 
Cetane number of 71 and 22.7 respectively* Fuel C was an 
ordinary commercial fuel whose Cetane number was obtained 
by a colleague engaged on engine tests and found to be 6 1 .
4.2*1 ;
Fuels A and C commenced ignition in the contact eva­
poration stage and their behaviour was very similar to that 
of kerosine (section 4.1). Fuel C exhibited a slight
change in the trend in the ignition delay curve at about
47$°Ct whilst fuel A did not show any change in the trends
in the ignition delay curve. Both fuels A and C showed
minimum ignition delays in the contact evaporation stage 
^  0  -■
at 470 C and 540 C respectively* These temperatures are
well above the values for the maximum boiling rate points
obtained by using equation 11,2 (Appendix XI).
Ignition in the spheroidal evaporation stage with fuels
A and C was established at temperatures above and
o
537 C respectively.
Fuel B did not ignite in the contact evaporation stage. 
The curve shown in Fig.4-2 is therefore only for ignition 
in the spheroidal evaporation stage. The minimum tempera­
ture at which fuel B commenced ignition was 510°C at an 
ignition delay of 4.6 sec. That part of the curve pertain­
ing to ignition delays longer than 3*6 sec is not shown in 
Fig. 4-2. '
4.2.2
Fig.4-2(a) and 4-2(b) show the results of Fig.4-2 
plotted in the form of In(ign±tion delay) vs the reciprocal 
of the absolute temperature of the heated surface in the 
contact evaporation stage for the fuels A and C and in the 
spheroidal evaporation stage for all the three fuels res­
pectively, Table 4-2 below summarises the slopes (b)f 
intercepts (:lh A) and "activation energies" (E) from these
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plots.
Table 4-2
Contact Stage Spheroidal Stage
b°K In A Ecal/mol b°K In A Ecal/mol
Diesel fuel A 2?00 -4.2 536O -5*15 8760
Diesel fuel B 11000—12.48 . 218G0
Diesel fuel C 6140 -9.12 12160 4520 -5.21 896O
4.3 Aviation Turbine Fuels
Two different aviation turbine fuels of different 
boiling ranges were experimented with and the results are 
shown in Fig,4-3* These fuels are JP-4 and JP-5 ,type and 
are described by the suppliers as a blend of gasoline and 
kerosine fractions and kerosine fractions respectively.
**.3. (i)
Of these two fuels ignition was obtained in the 
contact evaporation stage with the JP-5 fuel only.
Ignition in the spheroidal evaporation stage for the two
O '  q
fuels JP-4 and JP-5 commenced at 495 C and 487 C respective­
ly, The ignition phenomena and the flames accompanying 
ignition were very similar to those observed with kerosine.
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4.3*'(ii)
The results in the spheroidal evaporation range 
for these two fuels are shown plotted in semilog&rithmic 
form in Fig,4-3(a) and the values of the slopes (b), inter­
cepts (3#$: A) and the "activation energies" (B) are given 
in Table 4-3 below.
Table 4-3
b
°ic
In A B
cal/mol
j p -4 7870 - 8.39 14420
JP-5 3730 ~ 6 ,60 1X400
4,4 Hydrocarbons
Ignition delay curves for five hydrocarbons, namely 
Hexane, Heptane, n-Gctane, Isooctane and Cyclohexane, were 
obtained. Of these only n-Gctane gave ignition in the con­
tact evaporation stage (more precisely in the transition 
stage) and as such the results for n-Octane are given sep­
arately in Fig.4-4,1, The ignition delay curves for all 
the five fuels in the spheroidal evaporation stage are given 
in Fig.4-4.2,
4.4,1
No significant differences were observed between the
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ignition phenomena and flames accompanying ignition from 
fuel to fuel except Gyclohexane which at the lowest tern** 
peratures (at the longest delays) gave very faint flame 
and often a pressure pulse and no flame. With Cyclo- 
hexane ignition commenced at 5l6°C at a delay of 5 ,2  sec, 
that part of the ignition delay curve pertaining to igni­
tion delays longer than 4 sec is not shown in Fig.4.4.2,
4.4.2
The results of Fig.4.4,2 have been plotted to a 
semilogarithmic form in Fig.4.4.2(a), No linear rela­
tionship is evident, the curves for Isooctane and Cyclo- 
hexane having large slopes at low temperatures and smaller 
ones at high temperatures. The approximate values of 
the slopes in the ignition delay range 1 to 3 sec are 
given in Table 4-4 below along with the intercepts and 
"activation energies".
Table 4-4
Fuel b °K In A £ cal/mol,
Hexane 800(3 *"9*47 15900
Heptane 6300 - 7*49 12450
n-Octane 4320 * 5*31 8550
Cyclohexane 16250 ** 19*19 32100
Isooctane _ 19600 - 21.80 - 38700
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4*5 Nitrocompounds
; 4 .5 a  ,
Fig,4-5 shows the results obtained with nitromethane 
and nitroethane. With these substances ignition was not 
obtained in the contact evaporation stage and the results 
in Fig.4-5 are for ignition in the spheroidal evaporation 
stage only.
It was observed during the experiments that the igni­
tion of these substances was accompanied by sharp cracking 
noises. The flames accompanying ignition were quite 
different from those observed with the hydrocarbon fuels. 
With the nitrocompounds the flames were greyish tinged with 
green, ■ ■ ■
■ 4.5.2 ' .
The results of Fig.4-5 are shown plotted in semi- 
logarithmic form in Fig»4-5(&)« The values of the slopes 
(b), intercepts (,1ft A) and the wactivatlon energies*1 (B) 
are given in Table 4-5 below, for that portion of the curve 
which is fairly linear.
Table 4-5
Fuel b°£ In A Ecal/mol
Nitromethane 33700 m 4£*4l 6?000
Nitroethane 16150 - 20.74 32000
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4.6 ' Xsoamyl Nitrate
Of all the substances investigated isoamyl nitrate 
gave the lowest temperature at which ignition commenced in 
the apparatus. The results for isoamyl nitrate are given 
inPig. 4-6 * Ignition was mainly in the contact evapora­
tion stage, very few readings being obtainable in the 
spheroidal evaporation stage due to the ^softness" of the 
explosion. The minimum ignition delay obtained was in 
the contact evaporation stage and had a value of 0 .1  sec 
at a temperature of 287°C.
The flames accompanying ignition in the contact eva­
poration stage were very similar to those obtained with 
the nitrocompounds - of a greenish grey colour.
Pig.4-6(a) shows the results for isoamyl nitrate in 
the contact evaporation stage plotted to a semilogarithmic 
form. The relationship is very nearly linear and the 
slope and intercept are given below.
Table 4-6 ’
/ b°K In A E cal/mol.
Isoamyl nitrate 176QO **34*-^ 35^0
4*7.1 Shapes of Ignition Delay Curves.
The results obtained show that for the easily ignitable
fuels such as kerosine, the diesel fuels A and C, n-octane, the 
JP- 5  fuel and isoamylnitrate, the ignition delays are critically 
dependant on the temperature of the heated surface, i.e., the 
ignition delays decrease initially, reach a minimum at a tempera­
ture somewhere between the maximum boiling rate point and the 
Leidenfrost point, then increase with temperature showing a region 
of * non-ignition* and finally decrease with increase in temperature 
beyond the Leidenfrost point. The ignition delay curves for the 
less easily ignitable fuels such as the diesel fuel B, hexane, 
heptane, cyclohexane, iso-octane and the nitrocompounds do not 
exhibit such behaviour. These results are as predicted in section
2,7 .2  from considerations of the physical and chemical delays - 
compare curves for kero sine in Fig.if.-1 and for diesel fuel C in 
Fig.A-2 with Fig.2-5(b), curve for diesel fuel A in Fig.4-2 with 
Fig.2-5(c), curves for JP-5 fuel in Fig.4-3 , n-octane in Fig.4-4 ,1  
and isoamylnitrate in Fig.4 -6 with Fig.2-5(d) and curves for diesel 
fuel B in Fig.4-2, hexane, heptane, iso-octane and cyclohexane 
in Fig.4-4,2 and nitromethane and nitroethane in Fig,4-5 with 
Figs.2-5(o) and 2-5Cf).
It should be pointed out that these results are qualitative 
and not quantitative in that the magnitudes of the ignition delays 
may differ with a change in the form of the apparatus. However, 
the general shape of the ignition delay/temperature curves may be 
expected to remain the same, whatever the form of the apparatus, 
still exhibiting minima at temperatures between the maximum boiling 
rate points and the Leidenfrost points for the easily ignitable
93
fuels. It should be noted that these easily ignitable fuels cover 
the fuels used in compression-ignition engines and kerosine type 
fuels. The practical implications of the results are therefore 
immediately apparent. It is evident that if the shortest ignition 
delays are desired for instance in compression-ignition engines or 
in gas turbines for liquid fuel droplets impinging on the v a lla  of 
the combustion chamber, the temperature of these walls must be 
maintained at or slightly above the maximum boiling rate point 
corresponding to the pressure prevailing in the combustion chamber* 
As far as safety in the storage , handling and distribution of 
liquid fuels is concerned, It Is apparent that the temperatures 
at which the minimum Ignition delays occur must be avoided.
Classification of Fuels,
The shape of the ignition delay curves for the various 
fuels lead to the classification of the fuels into various groups 
according to the scheme outlined in section 2,7.2. This classifi* 
cation based on the location of the minimum temperature at 
which ignition commenced for the various fuels in the apparatus 
relative to the point of inflexion the maximum boiling rate
point ©2 and the leidenfrost point on the life curve is given
9k
In Table 4-7. The values of 8^, 8^ nnd 8^ were obtained by use of 
equations II.1, II. 2 and II.3 of Appendix II.
A consequence of the above classification is that intercompa- 
rison between fuels can only be made when the fuels belong to the 
same group or mpre precisely comparison can only be made when the 
physical conditions are similar. Thus, considering the three diesel 
fuels A, B and C we see that ignition for fuels A and C occur both 
in the contact evaporation stage and the spheroidal evaporation 
stage whereas for fuel B, ignition occurs only in the spheroidal 
evaporation stage. The physical conditions in these two stages are 
entirely different (see Appendix II). Therefore between fuels A 
and C comparison can either be made in the contact evaporation stage 
or in the spheroidal evaporation stage, whereas comparison between 
fuels A, B and C can only be made in the spheroidal evaporation s 
stage. The same line of argument applies for the hydrocarbon fuels. 
These considerations are borne out by Figs./*-7 and /*-8 where the 
ignition temperature at constant delays are plotted against the 
cetane numbers for the diesel fuels for ignition in the spheroidal 
evaporation stage and against the motor octane numbers for the 
hydrocarbons again for the ignition in the spheroidal evaporation 
stage. The correlation as seen is quite satisfactory.
It is evident that some similarity exists between the appa­
ratus used in the present experiments and those used by previous 
workers for the determination of spontaneous igntion temperatures
/ ip \
by the oil drop method ^ in that the liquid fuel droplet comes 
into contact with a surface, which is heated. Consequently the
Table 4-7
CLASSIFICATION OF FUELS.
Puel 8^, °C. Ignition Classification
delay
sec.
Kerosine 295 2*42 I
Diesel Fuel A 350 4 .6  II
Diesel Fuel B 510 1.6/* IV
Diesel Fuel C 367 2*9 I
JP-4 495 1*02 IV
JP-5 398 2.42 III
Hexane 478 3*33 IV
Heptane 447 3*32 IV
n-Octane 310 1*32 III
Iso-Octane 576 3*9 IV
Cyclohexane 516 5*2 IV
Hitromethane 511 2 .3 IV
Nitroethane 474 3.25 IV
Isoamylnitrate 234 1.53 III
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results obtained by the oil drop method are subject to the same 
classification set out above. Care must therefore be taken in 
comparing the results obtained by this method , comparison being 
made only between fuels belonging to the same classification,
4*7 .3  * Zones of Non-Ignition*.
In the present investigations zones of non-ignition may be 
said to have been obtained for kerosine (Fig.4-1 ), the diesel 
fuels A and C (Fig.4-2), the JP-5 fuel (Fig.4-3 ), n-octane (^ig.4-4,1) 
and ieoamylnitrate (Fig.4-6). ( The fact that these zones are not 
sharply defined may be attributed to the poor thermal conductivity 
of the quartz surface. The droplet on falling on the surface, 
abstracte heat from that part of the surface immediately beneath 
it. This causes intense local cooling of the surface since.the 
flow of heat from the adjacent parts of the surface is low due to 
the low thermal conductivity. The local cooling may be sufficient 
to bring about evaporation in the contact stage.)
For kerosine, a weak ignition phenomenon was observed in 
the temperature range 33° - 34Q°C* This weak ignition phenomenon 
coincides approximately with the point of flexure on the life 
curve. Using equation II.l, the point of flexure ©^ is found to 
be 312°C, Making allowance for the deviation due to the low ther­
mal conductivity of the quartz, it may be assumed that this weak 
ignition phenomenon does occur at the point of flexure ©^. The 
behaviour of the droplet in this temperature range is described
in Appendix II, sectionll.1.1. To recapitulate briefly, the
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droplet on making contact with the surface, evolves a small puff of 
vapour and begins to slide over the surface, the upper layers of 
liquid appearing to slide over a less viscous lower layer* It was 
observed that after the first puff of vapour, a short interval 
elapsed during which virtually no vapour was evolved and then vapour 
began to evolve at a gradually increasing rate. In view of these 
observations a possible explanation that may be advanced for the 
weak Ignition phenomenon obtained in this temperature region is 
that the initial puff of vapour evolved undergoes oxidation reat- 
ions resulting in the partial consumption of the available oxygen 
in the region around the droplet. Thus when steady evolution of 
vapour is established a short interval after the Initial puff of 
vapour, the air in the region of the droplet is too vitiated to 
sustain the reactions necessary to lead to ignition. The fact that 
vitiation led to suppression of ignition was confirmed when it was 
found that a droplet failed to igniti when added shortly after 
ignition had been obtained with another droplet. The first zone 
of non-ignition obtained by previous w o r k e r s ^ f o r  Cetane, using 
the oil drop method, may probably be due to the reasons set out a 
above. According to equation II.l, for Cetane will be 31Q°C»
The first zone of non-ignition obtained for Cetane by these workers
was in the range 293»3°C» 333*3°c*
The more apparent zone of non-ignition obtained in the present 
investigations for the fuels mentioned earlier can be identified 
with the transition region where th& evaporation rate decreases 
from that at the maximum boiling rate point to that at the Leiden-
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frost point, and. then increases again.
The occurrence of the zones of non-ignition in this tempera­
ture range (transition range) may be explained in terms of the 
relationship between the evaporation rates and reaction rates obtai­
ning in this range. In the transition range, a slight increase in 
the temperature of the heated surface increases the life-time of 
the droplet considerably (see Fig.II-1 ). As the vapour evolves 
from the fuel droplet, the heat evolved as a result of the reactions 
between the vapour and the air causes an increase in the temperature 
of the surface. This temperature rise causes the life time to in­
crease i.e. the evaporation rate to decrease. Thus • we have a 
situation where the reactions themselves cause a reduction in the 
supply of vapour that sustains them. Obviously this would lead to 
the suppression of the ignition itself - hence the ’zones of non- 
ignition* . The fact that the * zones of non-ignition’ are due to 
the evaporation pattern obtaining in the transition range is fur­
ther confirmed by the fact that zones of non-ignition were only 
obtained with those fuels which commenced ignition below their 
respective Leidenfrost points. It may also be noted that the 
beginning of the high temperature zone of non-ignition obtained by 
previous workers^^ for Cetane (3&2 - 4i2°C.), Decane (316 - 400°C.) 
and Decahydronaphthalene (324 - 370°C.) also fall between the res­
pective maximum boiling rate point and the Leidenfrost point. These 
workers also found that with the ’ignition resistant’ hydrocarbons 
- now identified as those fuels which commenced Ignition above
their respective Leidenfrost points- no zones of non-ignition were
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obtained.
h* l * h Comparison of a Droplet on a Beated Surface with that 
in a Stagnant Hot Atmosphere.
Attention has been drawn in section 1.1 to the fact that in 
general the minimum temperatures at which ignition has been obtai­
ned for the easily ignitable fuels with the oil drop method were 
far lower than those obtained for droplets of the same fuels 
suspended in stagnant hot atmospheres/ whereas the values obtained 
for the less easily ignitable fuels were not entirely irreconcilable 
(see Table 1-1). The results presented in this chapter help to 
explain the above observations.
As has been made clear in section h.7.2, with the easily 
ignitable fuels, ignition is possible both in the contact evapora­
tion stage and in the spheroidal evaporation stage, while with the 
less easily ignitable fuels ignition is usually in the spheroidal 
evaporation stage only. The contact evaporation stage is character­
ised by heat transfer directly from the heated surface to the 
liquid whereas the spheroidal evaporation stage is characterised 
by heat transfer through a vapour film. The droplet in the stagnant 
hot atmosphere also recieves heat through a vapour film. Thus the 
dfoplet in the stagnant hot atmosphere bears a direct similarity 
to the droplet in the spheroidal state on a heated surface but not 
in the contact evaporation stage. Therefore ignition for the case 
of the droplet in the spheroidal state on a heated surface and for 
the case of the droplet in the stagnant hot atmosphere may be said
xoo
to be occurring under similar physical conditions, The ignition 
delay curves for the two cases may therefore' be expected to show 
some similarity. This is evident from Fig. 4- 9 where the results 
obtained in the present experiments for droplets (ca 3 ,5 mg.) of 
the fuels JP-*4» JP~3 and kerosine, in the spheroidal evaporation 
stage are shown along with'the results of Masdin and Thring^?) for 
a 1 .5 mm. (1 .4  mg.) droplet of aviation turbine kerosine ( probably 
a JP-3 type fuel) suspended on a fine silica filament in stagnant 
hot air. As can be seen the ignition delay curves are very simi­
lar. The ignition delays obtained on the heated surface, however, 
are much shorter than those in stagnant hot air, though the droplet 
sizes in the former .case are much larger. The difference becomes 
even more marked when the increase in ignition delay with increase 
in droplet size found by Masdin and Thring (ca per 100/*■) is 
taken into account.
It appears that the shorter ignition delays obtained 011 the 
heated surface may be attributed to the higher rates of heat tran­
sfer obtaining with'the heated surface, with consequent shottenir^g 
of the heating up delay and the evaporation delay. F i g . 10 
shows the life time of a 3*6 mg. droplet of kerosine on a heated 
surface obtained by the present author, along with the life time
of a 1 .4  mg. (1 .3 mm.) droplet of kerosine suspended in stagnant
(77)
hot nitrogen obtained by Masdin and Thring . The life times 
for the two cases are almost identical, though the rate of change 
of life time with temperature is slightly more pronounced for the 
suspended droplet(see evaporation constants in Table 2-1). In
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order for the life times to be equal* the evaporation rate for the 
larger droplet on the heated surface must be much greater than that 
for the smaller droplet suspended in stagnant hot nitrogen* The 
greater evaporation rates according to equations(2,16) and (2.2 0) 
should lead to shorter ignition delays on the heated surface. In 
addition, the heating up delay for the droplet on the heated surface 
is probably shatter than that for the suspended droplet, again lea­
ding to shorter ignition delays.
4*7.5 Effects of Pressure on Ignition Delay Curves.
In order to extemd the findings in the present chapter to the 
behaviour of the fuel droplets impinging on the walls of the comb­
ustion chamber either in the compression ignition engine or the 
gas turbine, account must be taken of the effects of pressure on 
the Ignition delay curves. For this purpose it will be convenient 
to consider the heating up delay and the evaporation delay together 
as the ’physical delay*, and the ignition delay to be made up of the 
physical delay and the chemical delay; the physical delay may now 
be considered to be a fraction of the life time of the droplet.
The effect of the pressure on the chemical delay is to decr­
ease it according to a modified form of equation(2.2?), namely
!L ■
T >  = A*®
where n is a positive constant greater than 1 and varies with the
/ c g \
fuel and conditions of ignition
Ho data is available on the effects of pressure on the life
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time of droplets evaporating on a heated surface. However, the
tact evaporation stage( see Appendix II). These equations are 
recalled below for convenience
The effect of pressure is to raise ©g (boiling point) and 
lower 8p (freezing point). This would lead to an increase in the 
life time of the droplet in the range covered by equation (Il.Zf), 
Since ©^ has been found to be related to ©g ( equation 11,2), it 
may be expected that 6^ will increase with pressure. This would 
lead to an increase of the life time for the range covered by 
equation (II. 5 ) as well.
Increased pressure 'will therefore decrease the chemical delay 
and increase the physical delay in the contact evaporation stage.
The elevation of ©g and causes the physical delay curve to shift 
to the right in the time temperature plane. The chemical delay curve 
meanwhile effectively shifts to the left. This alteration in posi­
tion of the physical and chemical delay curves will maintain the 
general shape of the ignition delay curves for the easily ignitable 
fuels and at the same time transform the ignition delay curves of
empirical relationships found by Tamura and Tanasawa^^ may be 
used to infer the effects of pressure on the life times in the con
t, (II.4)
n
and
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less easily ignitable fuels into this shape,
The conclusion to be arrived at from the above analysis is 
that though the magnitudes of the Ignition delays may differ in 
actual combustion systems, the general shape of the ignition delay 
curves for the fuel dropletsjof easily ignitable fuels impinging 
on the walls may be expected to follow the same patter® found in 
the present experiments. The minimum ignition delays will be found 
to occur between the appropriate maximum boiling rate points and 
Leidenfrost points.
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CHAPTER 5
EFFECT OF DROPLET SIZE ON THE IGNITION 
DELAY FOR VARIOUS FUELS.
% Introduction
In studies Involving individual liquid fuel droplets, it is 
apparent that the size of the droplet is an important parameter*
The theoretical considerations in Chapter 2 have shown in what 
manner the droplet size is likely to affect the ignition delay of 
individual liquid fuel droplets under various circumstances (see 
Table 2-1). It has already been shown earlier (see section 2*4*1 
(ii)) that the effects as experimentally determined for droplets 
in stagnant hot atmospheres, by previous workers, are as indicated 
by the appropriate expressions derived in the present investigations.
In this chapter are reported the results obtained for the 5  
effects of droplet size on the ignition delays for liquid fuel '* 
droplets falling on a heated surface. The droplet size was varied 
by varying the size of the hypodermic needle used for the formation 
of the fuel droplets. The smallest size of the droplet was limited 
by the smallest size hypodermic needle available (27 gauge, 0.616 in. 
0,D.) and the largest size was chosen so that no satellite droplets 
were formed. The weights of the droplets were determined by collect­
ing a known number of droplets and weighing them on a torsion 
balance reading in units of 2 mg. The droplet sizes are given in 
mg. This is to avoid confusion, since in the contact evaporation 
stage the droplet diameter is not determinable and in the spheroi­
dal evaporation stage, the droplet assumes a near hemispherical 
shape (see Appendix II).
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The temperature of the jacket surrounding the hypodermic 
needle was maintained between 15 and 20°C.
The fuels for which results are reported are 
. Kerosine
Dieses Fuel C 
' . ' Hexane 
Heptane 
Cyclohexane
5.1 (a) Kerosine, Contact and Transition Evaporation Stages,
Fig,5-1(a) shows the effect of droplet size on the variation 
of ignition delay with the temperature of the heated surface for 
kerosine in the contact and transition evaporation stages. With 
the smaller size droplets, the ignition delay curves are fairly 
well defined, still retaining the weak ignition phenomenon in the 
temperature range 330 to 5ifO°C. (see section h.l.l(i))* With the 
larger droplets, ignition in this range becomes more difficult to 
obtain. Beyond about 350°C,, ignition is once again obtained 
continuously. The dotted lines in Fig,5-1(a) represent the extra­
polated curves for the larger droplets. Ignition in the transition 
range was not «rell defined and the curves in this range are not 
drawn in order to avoid confusion.
In general in the contact evaporation stage, the ignition
delay increases with increasing size of the droplets, though the
general pattern of the curves remain the same. With the larger 
, , . . • • ' extends
droplets, the contact evaporation stage into the temperature range 
where spheroidal evaporation occurs v/ith smaller droplets.
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5.1 (b) Kerosine. Spheroidal Evaporation Sta^e
Fig.5~l(b) shows the results obtained with kerosine 
droplets of varying sizes in the spheroidal evaporation 
stage. The ignition delay for droplets of weight greater 
than 3,6 mg are all almost identical* though with the 
larger droplets ignition in the spheroidal evaporation 
stage was obtained only at higher temperatures. The 
ignition delay for the 3 mg droplet was shorter than that 
for the other droplets.
5.2 Diesel Fuel C ' - V
Fig.6.2 shows the variation of ignition delay with 
surface temperature for the diesel oil C* In the con­
tact evaporation stage as with kerosine, the ignition 
delay increases with increasing drop size; the contact 
evaporation stage extends well into the high temperature 
range for larger droplets.
In the spheroidal evaporation stage it was possible 
to obtain curves only for the smaller droplets, viz*
3.8 and 4.2 mg since with larger droplets the contact 
evaporation stage extended into the high temperature 
region and evaporation in the spheroidal evaporation 
stage did not occur. Of the two curves obtained In the 
spheroidal evaporation stage the ignition delay for the 
smaller droplets is slightly longer than that for the
1 arg-er drop let*
5.3 Hexane
Fig.5*3 shows the effect of drop size on the igni­
tion delay curves of hexane*. All these curves are for 
ignition in the spheroidal evaporation stage. The igni­
tion delay decreases with increase in the droplet size 
within the range of droplet sizes investigated* In 
Fig.3*3(a) the results are plotted in the form:ignition 
delay vs weight of droplet for various temperatures of 
the heated surface. The vertical lines indicate the 
degree of scatter obtained during the observations.
From Fig,5*3(e) it appears that the ignition delay
is tending to a minimum with increasing droplet weight,
the minimum lying somewhere beyond the range of droplet
weights investigated. The decrease in ignition delay
with increasing drop size is more pronounced at lower
temperatures (longer delays) and much less so at higher
otemperatures. Thus at 508,5 0 the ignition delay de­
creases from 2.6 sec for a 2.1 mg droplet to 1.68 sec 
for a 5«0 mg droplet and at 602.5°C the corresponding 
decrease is only from 0.?0 sec to 0,60 sec. The drop 
size which gives minimum ignition delay also appears to 
move towards smaller droplet weights with increasing 
temperature.
5*4 , Heptane
The effect of droplet size on the ignition delay 
for heptane is shown in Fig,5*4 and Fig* 5*4(a). As 
with hexane the observations are all in the spheroidal 
evaporation range* The vertical lines in Fig.3.4(a) 
indicate the degree of scatter obtained with the results
With increasing droplet size the ignition delay 
decreases to a minimum and increases again, the droplet 
size giving minimum ignition delays shifting slightly 
to smaller values>with increasing temperature. The 
drop weight giving minimum ignition delays is in the 
region of 5 mg. The decrease in ignition delay with 
increasing drop weight is less pronounced than that for 
hexane,.
5*5 C yc1ohexane
With eyelohexane the variation of d ’Oplet size 
had the same effect as with hexane and heptane. The 
rather steep variation of ignition delay with tempera­
ture for this fuel however tended to mask the effect 
of the droplet size on the ignition delay.
Fig.5-5 shows the results obtained with various 
sized droplets of cyclohexane. Ignition delay curves 
for a number of different sized droplets were obtained. 
All the curves fall within the curves for the 6,9 mg 
droplet and the 2,9 mg droplet. To avoid confusion
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only the results for three droplet sizes are given. As with hexane 
and heptane, the ignition delay decreases with increasing droplet 
size, the effect of droplet size being less marked at higher temp­
eratures.
5.6 Discussion.
Expressions have been derived in Chapter 2 for the heating 
up delay and the evaporation delay for a droplet in the spheroidal 
state on a heated surface (see Table 2-1). According to these 
expressions, the heating up delay increases with increasing drop­
let size while the evaporation delay decreases with increasing
1 25droplet size, the heating up delay increasing with and the
1 75evaporation delay decreasing as a function of . ^he ignition
delay vs. droplet size curve therefore should exhibit a minimum.
The experimental results obtained are in agreement with the above 
considerations. As can be seen the ignition delay/droplet size 
curves for heptane show definite minima within the range of droplet 
sizes investigated and those for hexane appear to tend to minima 
above the range of droplet sizes investigated.
For the two fuels heptane and hexane, the droplet size that 
gives the minimum ignition delay for any temperature is smaller 
with the higher boiling point fuel, Alsp, the effect of droplet 
size is less marked with the higher boiling point fuel(heptane) and 
less marked at higher temperatures. If these results are extended 
to the higher boiling point fuels such as kerosine and diesel fuel 
C, it could be expected that the effect of droplet size would be
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even less marked* This is borne out by the results obtained for 
kerosine and diesel fuel G (see Figs,5-l(b) and 3-2), It would 
therefore appear that the droplet size giving minimum ignition 
delays for these fuels lies below the range of droplet sizes 
investigated..
5.6.2
It should be pointed out that the minimum temperature to
which heptane must be heated in order to produce a stoichiometric
fuel/air mixture at or near the fuel surface, according to
equation 2.1, is about 3°0*, while the initial temperature of the
fuel was well in excess of this value (ca 15°C.), The heating up
delay should therefore be virtually zero. However, it will be
recalled that equation 2,1 has been derived for a closed system
with diffusion neglected. The effects of this diffusion can be
taken into account by applying a suitable correction to T, ,
1
raising it somewhat ahoy^ e the value given by equation 2.1. The . 
heating up delay v/ould, consequently, be longer than that obtained 
by using equations 2.1 and 2,8 * This correction will merely
alter the magnitude of the heating up delay and will not otherwise 
affect the considerations in section 5.6,1. It should also be poi­
nted out that this correction will be negligible for the higher 
boiling point fuels,
5.6.3
No theoretical expressions have been derived for the heating 
up delay and the evaporationd delay for the droplet in the contact
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evaporation stage* The experimental results obtained show that, 
within the range of droplet sizes investigated, the ignition delays 
for both kerosine and diesel fuel C increase with increase in drop­
let size in the contact evaporation stage. It appears therefore 
that in the contact evaporation stage, the heating up delay is the 
controlling factor. It may also be noted that the effect od droplet 
size is more pronounced at smaller droplet sizes than at larger 
droplet sizes (see figs. 5-1(a) and 5-2)*
The equations derived in Chapter 2 for droplets suspended in 
stagnant hot atmospheres are applicable to the results of Masdin 
and Thting^^ and Niehiwaki^^* The former found that the ignition 
delays for heavy fuel oil and pitch creosote increased with increa­
sing droplet size. The latter also found an increase in ignition 
delays for Cetane and *-methylnaphthalene. These are all high 
boiling point fuels and therefore the heating up delays will be 
long (see Fig.2-3 )• The droplet sizes giving minimum ignition 
delays will therefore be small, apparently below the range of 
droplet sizes investigated by these workers. Examination of the 
results of Hishiwaki^*^, however, show that foroc- methlynaphthalene 
the ignition delay Is a minimum for a droplet diameter of about 
950/*.
5.6.5
For droplets falling through a hot atmosphere ( simulating 
droplets moving relative to hot air) the heating up delay and the
■ ' .< ■ ■ ; x32
evaporation delay will be different from those for droplets in
stagnant, hot atmospheres (considered in Chapter 10). These will
{57)
now Involve the Reynolds Number-T- which is in t u m  a function 
of the droplet diameter. The heating up delay would still increase 
with droplet size while the evaporation delay decrease with droplet 
size. The ignition delay/droplet size curve should therefore 
exhibit a minimum. The results of Wood and Charvonia^^ are in  
agreement with this. These workers experimenting with droplets 
of cyclohexene (B.P, 83.19°C), allylamine (B.P, 53*2°C) and 
triethylamine (B.P. 89*3°C) falling through the vapours of heated 
white fuming nitric acid and found that the ignition dslay/droplet 
size curves exhibited definite minima. For allylamine and triethyl** 
amine they found that the minimum ignition delays were obtained 
for droplets of approximately 3,2 and 2.9 mm. respectively, the 
higher boiling point fuel having the smaller optimum diameter.
3 * 6.6
It is evident from the foregoing sections therefore that the 
Ignition delay of individual liquid fuel droplets is considerably 
influenced by heat transfer and evaporation rates. The two factors 
involved are the heating up delay and the evaporation delay. For 
low boiling point fuels, the heating up delay is small and hence 
the droplet size giving minimum ignition delay is large. For high 
boiling point fuels, the heating up delay Is long and the droplet 
size giving minimum ignition delay is anall. The droplet size for 
which the minimum ignition delay is obtained, thus, decreases with
increasing boiling point of the fuel.
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If these findings are extended to actual combustion systems 
where droplet sizes of the order of 2 to 200 a  obtain and where 
the fuels used are the higher boiling point fuels, it would appear 
that the Ignition delay for the individual droplets will be long* 
Wood and Charvonia^^ having considered their results and the 
practical implications thereof assumed that at some critical droplet 
size, below the smallest considered in their experiments, the igni­
tion delay reaches a maximum and begins to decrease once more 
as the droplet size approaches that of atomisation* Their assump­
tion , however, Is arbitary and unnecessary* It should be remembered 
that It is the ignition delay of INDIVIDUAL liquid fuel droplets 
of the size found in fuel sprays that would be long. In artual 
systems, Tuition may occur at some point fed by vapour from a 
number of droplets and therefore the considerations in Chapter 2 
must be extended to a cluster of droplets. Some experimental 
evidence already exists showing that the ignition delay of two
droplets suspended side by side in a stagnant hot atmosphere is
(27)
a minimum for a critical separation of the droplets.
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CHAPTER 6
EFFECT OF THE INITIAL TEMPERATURE OF THE FUSE 
ON THE IGNITION DELAY OF KEROSINE.
H3
6* Introduction,
There is a lack.of data on the effect of the initial tempera­
ture of the fuel on the ignition delay of liquid fuel droplets 
either suspended in stagnant hot air or allowed to fall on a heated 
surface, though this effect has been investigated for a kerosine 
spray injected into a hot vitiated air s t r e a m a n d  for fuel 
droplets falling through the heated vapours of white fuming nitric 
acid^^. In this chapter are reported the results obtained in 
the present investigations for the effect of the initial tempera­
ture of the fuel on the ignition delay of kerosine droplets allowed 
to fall on a heated quarts; surface.
In order to vary the initial temperature of the fuel, the 
cooling water to the jacket surrounding the fuel needle was passed 
through a spiralled aopper tube (Plate 3~i)* This spiral tube was 
heated by a bunsen burner, The temperature of the jacket was 
maintained constant at any required value by controlling the flow 
of gas to the burner and the flow of water through the jacket,
6,1 Results,
The results obtained for the effect of the initial tempera­
ture of the fuel on the ignition delay of kerosine droplets falling 
on a heated quartz surface are shown in Fig.6-1, in the form of 
ignition delay vs, temperature of surface for constant initial 
temperatures.
Increasing the initial temperature of the fuel reduces the 
ignition delay In the contact and spheroidal evaporation stages but
not, In the transition evaporation stage* The general shape of the 
Ignition delay/temperature curves, however remain the same
In the contact evaporation stage, the greatest reduction in 
the ignition delay is obtained at the lowest temperatures. Thus 
at 295°£. the i gnition de1ay de c re ase s from 2.4 see * to 1.7 sec. 
for an increase In the initial temperature from 20 to 80°G. With 
increase in the temperature of the heated surface, the reduction 
in ignition delay Is less.
The magnitude of the *minimum* ignition delay is not affected 
significantly, remaining approximately at a value of 0,84 sec., 
though the temperature at which the 1minimum1 ignition delay 
occurs shifts to slightly lower temperatures; for a rise in the 
initial temperature from 20 to 80°C. the •minimum1 temperature 
shifts from 380 to 3?0°C,
As can be seen from Fig,-ML* with increase In the Initial 
temperature of the fuel, the transition region becomes sharper.
In the spheroidal evaporation range, the ignition delay 
decreases progressively with increase in the initial temperature 
of the fuel. Here again the reduction is more marked at the 
lower temperatures. The reduction in the ignition delay is of 
the order of 18 to 21% for a 60°G rise in the initial temperature 
of the fuel.
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6,2 Discussion, •
6.2,1
Of the expressions derived for the heating up delay and the 
evaporation delay in Chapter 2 (see Table 2-1), that for the heating 
up delay directly involves the initial temperature of the fuel. 
According to this equation the heating up delay is given by
t  .  K Do ’ 25 X, Cp, ( %  -  ?L >
—  ** 1 O ( 2 Q N
3kv ‘ <*S "'"sat*
Where T^ is the initial temperature 
o
of the fuel.
According to this equation therefore the heating up delay 
should decrease linearly with the initial temperature of the fuel. 
As has been made clear in section 2.1.1(1)* the heating up delay 
is the only part of the ignition delay which is purely physical. 
The evaporation delay and the chemical delay occur subsequent to 
the heating up delay. The ignition delay may therefore consider­
ed to be the sum of the heating up delay and a delay constituting 
the evaporation and chemical delays. A plot of the Ignition delay 
against the initial temperature of the fuel should consequently 
yield a straight line. This is borne out by Fig.6-2 where such 
plots for various constant temperatures of the heated surface are 
found to be approximately straight lines.
Though the above considerations apply only to the droplet in 
the spheroidal state on aheated surface, the results obtained in
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the contact evaporation stage have also been plotted in Fig.6-2 
and it can be seen that these plots are also linear. This indi­
cates that a similar expression may apply to the heating up delay 
in the contact evaporation stage as well*
6. 2.2 ;
It should be pointed out that for wide boiling range fuels
such as kerosine, the choice of a suitable value for T„ for use
in equation 2,1 may appear arbitary. The initial boiling point 
o(160 C) would seem the most appropriate choice as we are concer­
ned with the establishing of the minimum condition for the occur­
rence of ignition, Use of this value, however, in equation 2.1 
yields a value of 49°C for T^ , indicating that the heating up 
delay and the validity of equation 2.8 should end when the 
initial temperature of the fuel exceeds 49°C, The fact that the 
ignition delay continues to decrease in the same manner for 
initial temperatures of the fuel in excess of 49°C may be due to 
one or both of the following reasons. Firstly, it will be 
recalled that equation 2.1 has been derived neglecting the effects 
of diffusion. Taking into account the effects of diffusion will 
raise the minimum temperature required above 49°C and will thus 
extend the validity of equation 2.8 to a higher range of temper- 
atures. Secondly, the effect of the initial temperature of the 
fuel on the mass evaporation rates must be taken into consider­
ation. This is evident from the effect of the initial temperat-
14?
ure of the fuel on Q (the heat required to vaporise unit quantity
of the fuel from its initial temperature) in equation 2*36. With
increase in initial temperature of the fuel Q decreases and
hence the evaporation constant C Increases which in turn causes
0
a reduction in the evaporation delay (equation 2.25). The evapo­
ration delay according to equations2.25 and 2.26 depends on 
and the reduction in ignition delay should therefore begin to 
fall off at higher initial temperatures. In the limit when the 
initial temperature of the fuel is the boiling point of the liquid, 
Q becomes equal to the latent heat of vaporisation of the fuel.
6,2.3
Lack of experimental data precludes the verification of the
expressions derived for the effect of the initial temperature of
the fuel on the ignition delay of liquid fuel droplets suspended
in stagnant hot atmospheres. Some data exists for the effects
of the initial temperature of the fuel on the ignition delay of
liquid fuel droplets falling through the heated vapours of white
fuming nitric a c i d ^ V  The heating up delay for droplets
falling through a hot atmosphere is considered in Chapter 10, The
expression derived shows that the heating up delay for this case
should decrease with increase in the Initial temperature of the
fuel in a logarithmic form (equation 10,1), The reported results 
(49)n are in agreement with this.
It is of interest to note that for kerosine sprays injected
into a hot vitiated air stream, the reduction in ignition delay
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produced by preheating the fuel was found to be about 15% lor 
a rise In the initial temperature of 60°C*^ (compare with the
18 to £1% reduction in the present investigations), indicating 
that the heating up delay in actual fuel sprays may occupy 
approximately the same proportion of the ignition delay as in 
the present investigations*
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EFFECT OF THE MATERIAL OF HEATED SURFACE ON 
THE IGNITION DELAY OF KER05INS,
■ 152
7. Introduction,
In the present investigations almost all the ignition delay 
measurements were carried out on a quartz surface. In practice, 
however, combustion chamber walls are metallic and therefore it is 
important to determine the effect of the material of the heated 
surface on the variation of ignition delay with temperature of the 
heated surface. In this chapter are repotted the results obtained 
for the effects of the material of the heated surface on the igni­
tion delay of kerosine.
Discs made of stainless steel, brass and aluminium werd put 
in place of the quartz disc in the apparatus (see section 3.1).
With the metal discs, as described in section 3.1, a hole was drilled 
in the side of the disc to position a thermocouple. Towards the 
end of the investigations a quartz disc was obtained with a hole 
drilled as with the metal discs. The results reported in this 
chapter are for the temperatures as read by the thermocouples posi­
tioned in the hole in the side of the discs. (It was found that 
with the metal discs, the thermocouples placed on the surface of 
the disc tended to read rather erratically, the readings varying 
considerably with contact pressure. Viith the quartz disc this 
variation did not exceed 5°C.)
One of the difficulties experienced with the aluminium and 
brass discs was the fact that these surfaces became rapidly dis­
coloured and coated with an oxide film and had to be cleaned quite 
frequently. The observations with these discs, however, are proba­
bly for the oxidised condition. 15o oxide coating was visible on
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the stainless steel surface, though after some use it became dis­
coloured and was brought back to its original finish by polishing 
it on a lathe with a No, 0 sandpaper*
The hypodermic needle used for the formation of the fuel 
droplets was 25 gauge 0.02 in. O.D. The temperature of the jacket 
surrounding the hypodermic needle was maintained betv/een 1$ and 
20°C.
7.1 Results.
The results obtained for the variation of ignition delay with 
the temperature of the heated surface for kerosine are shown in 
Fig. 7-1. With the metal surfaces, ignition occurred only in the 
spheroidal evaporation stage and the curves shown in Fig.-7-1 are 
ignition delay/temperature curves in this stage for all the discs.
7.2 Discussion.
7.2.1
The interesting feature of the results is the absence of 
ignition in the contact evaporation stage with the metal surfaces.
This led to the suspicion that the location of , 9 and 9 (see
1 2  p
Appendix II) may be different with the metal surfaces. Separate 
experiments were therefore conducted to determine whether this was 
so. Accordingly the life times of a 3. if mg. droplet of kerosine 
on the various surfaces were determined. The results are shown in 
Fig. 7-2 for the lifetimes of the droplet on a stainless steel and 
a quartz surface. The life times on the other metal surfaces did
not differ noticeably from those in the stainless steel surface.
As can be seen, the location of 9^, and ©^ on the metal surfaces 
fall at lower values. It should be recorded that this difference was 
most noticeable with kerosine and may be due to its wide boiling 
range. Fuels such as heptane, hexane and cyclohexane did not give 
such marked differences.
The reason for not obtaining ignition in the contact evaporation 
stage with kerosine on the metal surfaces is now apparent. Even 
assuming that the metal surfaces have no effect on the chemical 
reactions involved and that they do not affect the minimum temperature 
at which ignition commences in the apparatus, the location of 
0^ with respect to ©2 metal. surfaces is different from that
for the quartz surface. With the metal surfaces ©. ^  9 and
nearer to ©^ (0^ with the quartz surface in this case was 310°C).
The region between and 0, has already been isolated as a 
possible zone of non-ignition (see section 4.3*?) Ignition with 
the metal surfaces therefore occurs only in the spheroidal evapo­
ration stage,
7.2,2
Fig. 7-2 shows that the life time on the stainless steel 
surface is shorter than that on the quartz surface, both in the 
contact evaporation stage and the spheroidal evaporation stage but
not in the transition evaporation stage. The heating up delay and
the evaporation delay in the spheroidal evaporation stage should there­
fore be shorter on the stainless steel surface than on the quartz
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surface* The ignition delay on the stainless steel surface,
* r ■
there fore*, should be shorter than that on the quartz surface.
This is borne out by the results shown in Fig, 7-1.
The ignition delays obtained on aluminium and brass, 
however are different. At low temperatures (below 575°C) the 
ignition delays on these surfaces are greater than those on the 
quartz surface. Above about 5?5°C, the trend is reversed.
These surfaces (aluminium and brass) soon became coated with 
an oxide film and the ignition delay curves obtained are 
probably for an oxidised surface. It is possible that the 
oxide film has an inhibiting action on the chemical reactions^^*^ 
thus lengthening the chemical delay. The relatively higher 
thermal diffusivities of aluminium and brass, however, should 
lead to shorter heating up delays and evaporation delays. From 
the results it appears that below about 575°C the inhibiting 
action of the oxide film more than counteracts the reduction 
in the heating up and evaporation delays. At temperatures 
above about 575°C, the heating up and evaporation delays are 
apparently the controlling factors.
7.2.3
One significant fact that emerges from the above results 
is that the minimum temperature at which ignition commences in 
the given apparatus is dependant on the mode and rate of evaporati­
on available at these temperatures — contasrt evaporation and 
rapid rates of evaporation appear to favour ignition. Thus at 
3io°c on the quartz surface it is contact evaporation andthe
155(a> j
■■ ; 1
life time for a 3**f droplet is 2.2 sec while on the metal |
surface it is evaporation in the transition stage and the life 
time of the droplet is 4 sec. Ignition is obtained with the quartz 
surface but. not with the metal surface* It is possible that if 
ignition had been obtained at temperatures below 280°C with the 
quartz surface, ignition could have been obtained with the )
stainless steel surface as well. j
V? 6
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CHAPTEE 8
EFFECT OF ADDITIVES IN THE FUEL ON THE 
IGNITION DELAY OF KEROSINE.
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8• The Effect of Additives on the Ignition Delay of
■ hero sine ■
8,1 Intredaction
Additives may be said to be substances which when 
added in small quantities to the bulk of a fuel produce 
certain desirable effects the magnitudes of which are con­
siderably out of proportion to the quantity of the sub- 
stances added*
In the use of liquid fuels for combustion in various 
applications a number of problems arise such as the storage 
stability, corrosiveness, ignition quality etc. Thus it 
is necessary that an additive should bring about the desired 
improvement in any chosen characteristic of the fuel without 
adversely affecting any other characteristics.
In the field of internal combustion engines, two differ­
ent opposed aspects of the spontaneous ignition phenomena 
present themselves, one with respect to the petrol engine 
or the spark ignition engine and the other with respect to 
the compression ignition engine. In the former case spon­
taneous ignition is undesirable as it has been shown to 
contribute towards knocking. In the latter case the very 
nature of the engine requires that spontaneous ignition be 
facilitated. Hence research in the field of additives 
has been confined to finding and evaluating substances which 
would be knock-suppressing when used in spark ignition 
engines and other substances which would improve the ignition
160
quality of* the fuels used in compression ignition engines*
In the case of continuous combustion systems such as 
the gas turbine spontaneous ignition plays a part in de­
termining the performance such as the flame stability* 
flame length and combustion efficiency of the syst em<38>.
In order to fully evaluate a given substance as an 
additive it would be necessary to conduct experiments with 
an operating engine or preferably a large number of engines. 
This is both costly and time consuming. It is therefore 
not surprising that invest igat-ors have sought to correlate 
the effect of additives on spontaneous ignition tempera­
tures and ignition delays as obtained in laboratory 
experiments with engine performance, Bogen and Wilson 
give an extensive review of the literature on ignition 
accelerators for compression ignition engines from which 
it appears that organic nitrites and nitrates will reduce 
the ignition delay of hydrocarbon fuels under actual engine 
operating conditions.
Most of the investigators engaged in the determination 
of spontaneous ignition temperatures have studied the 
effect of various substances on the spontaneous ignition 
temperatures of liquid fuels. The effect of additives on 
the ignition delays» however* does not appear to have been 
sufficiently investigated, Ono^"^ studied the effect of 
lead tetraethyl on ignition delay curves of gasoline 
and ethyl alcohol added in droplet form into a heated 
crucible and found that the lead tetraethyl shifted the
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ignition dolay curvecfor gasoline to higher temperature© but 
had the opposite effect on ethyl alcohol, Mullins^^ 
studied the effects of various substances on the ignition 
delay© of kerosine ©prays injected into a hot vitilled air st­
ream and found that ethyl nitrate, ethyl and amyl nitrltas prod­
uced significant reductions in the ignition delays when used in 
fairly large dosages,
8,2 Choice of "base" fuel, additives and procedure.
It would be futile to undertake an extensive investig­
ation of all th© substances that have been found to have an 
effect on the spontaneous Ignition temperatures of liquid fuels.
In th® present investigations a few substances were chosen ,part3y 
from the shape and position of their ignition delay/temperature 
curves and partly to bring out certain salient features connected 
with the use of additives. These substances were used as additives 
and the effect of both the additive and th© dosage of the addit­
ive on the ignition delay curve of kerosine were investigated, 
Kerosine was chosen a© the "base" fuel since it gave reasonable 
ranges of Ignition in both the contact and th© spheroidal evap­
oration stages.
The additives were added to th© kerosine in volumetric 
proportions and the mixture was well stirred and allowed to 
stand for at least 48 hours before being used* The needle used 
for the formation of th© fuel droplets was of 23 gauge (0.02 in 0,D.) 
There was a slight variation in th© weight of the droplet© with 
various additives in various dosages, but this variation for small
dosages of additive© was vdthin 5%*"
though. th® effects of a amber of additives .were\studied 
the results obtained with what aas considered representative 
additives areOnly presented*
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8*3 -Effect of* Xsoamyl Nitrate on the Ignition Delay of
Kerosine
8,3,1
The effect of* isoamyl nitrate as an additive in kero­
sine is shown in Fi^*8-1* These results were obtained 
before the introduction of the water jacket to cool the 
droplet-forming hypodermic needle. The ambient tempera­
ture in the region of the needle tip therefore varied from 
about 20 °C to 6o°C with increase in temperature of the 
heated surface. The kerosine used also was different from 
that used in the other experiments. The ignition delay 
curve for isoamyl nitrate is also shown in Fig.8-1.
8,3,2 Contact Evaporation Sta^e
In the contact evaporation stage, the effect of the 
additive Was to decrease the ignition delay quite considerably, 
at the same time shifting the point of minimum ignition 
delay to lower temperatures. Thus the minimum value of 
the ignition delay decreased from I.0 sec to 0.19 sec for 
a dosage of 10$" while the temperature at which the minimum 
ignition delay occurs shifted from 380°C to 3^0°C* The 
general tendency is for the curve for the doped fuel to 
s h i f  t towards that for isoamyl nitrate.
The nature of the flames accompanying ignition at 
higher dosages of additive was more noticeably similar to 
those observed with isoamyl nitrate (see Section 4*6 ),
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8.3*3 Transition Stage
The transition stage was more well defined with, 
increasing dosage of additive, though with dosages of 
and 1 0 fo  there was considerable overlap between the contact 
and spheroidal evaporation stages.
8.3,4 Spheroidal Evaporation Stage
In the spheroidal evaporation stage the effect of the 
additives was to decrease the ignition delay progressively* 
Fig.8-l(a) shows the results in the spheroidal evaporation 
stage plotted in the form of percentage decrease in igni­
tion delay vs, percentage additive* From this it is evi­
dent that the initial dosages, say up to 2^, are the most 
effective, the additional fractional decrease in ignition 
delay brought about by increased dosages being small.
The effect of increased temperature is to decrease the 
dosage required to produce a given fractional decrease in 
ignition delay.
8.4 Nitroethane
The effects of nitroethane as an additive in kerosine 
are shown in Figs. 8-2(a) and 8-2(b) for dosages up to 
0 and from 0*5/^ to 2.5/* respectively.
In the contact evaporation stage, the ignition delay 
decreased with increase of dosage up to about 0.5/^ * At 
dosages greater than 1*5/^  the trend appears to be for the 
ignition delay to increase again at the lower temperatures,
In the spheroidal evaporation range the ignition 
delay decreased With increasing dosage* For dosages 
above Q . 5/^  the contact evaporation range was extended 
irito the high temperature range and observations in the 
spheroidal evaporation range were not possible.
At low dosages of additive the flames accompanying 
ignition were not different from those of kerosine (see 
Section 4*1 )• At higher dosages however the flames
were very similar to those of nitroethane itself (see 
Section 4*5 ).
8.5 Aniline
The effect of aniline as an additive in kerosine
is shown in Fig.8-3* It was decided to use aniline as
there appears to bo some confusion as to the effects of
aniline as. an additive. It 1ms often been used as an
anti-knock in petrol engines (in the present experiments
Ignition was not obtained with aniline itself within the
temperature range investigated) and also as an ignition
(59) ■
accelerator in compression ignition engine© «
The results in Fig.8-3 make clear in what circumstances 
aniline behaves in the above manner.
The peculiar effect of aniline is that at small 
dosages (less than 0.1$) it reduces the ignition delay of 
kerosine, more noticeably in the spheroidal evaporation 
stage. At higher dosages (greater than 0.2$>) it in­
creases the ignition delay of kerosine. Between O.l^o
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and 0,2^ It was found that aniline had no significant 
- -effect, ■
S#6 W M M ^ g A g e n t  J.Sod.ium pjoctyl Sulohosucoinate)
In order to determine how far the ignition delay 
could be reduced by extending the contact evaporation stage 
of kerosine well into the high temperature range* 0,1$> of 
the above wetting agent was added to the kerosine. The 
results are shown in Fig*8-4,
In the contact evaporation stage there is a slight 
increase in the ignition delay.
In the spheroidal evaporation stage the effect of 
the wetting agent is to bring about the wetting of the 
surface by the fuel and thereby reduce the ignition delay. 
Thus at 460°C the ignition delay is reduced from 2,46 sec 
to 0,78 sec - a threefold reduction - and at 5^0°C the 
reduction is from 1*24 sec to 0,64 sec - a twofold reduc­
tion, It was observed during the experiments with the 
wetting agent that a deposit tended to form at the spot 
where the fuel droplet made contact* and if this deposit 
was cleaned away the transition to the spheroidal stage 
was facilitated, When ignition did take place in the 
spheroidal evaporation stage the ignition delays obtained 
did not differ significantly from those for kerosine*
8 ,7  Discussion
8 .7 .I
The above results show that significant reductions in
ignition delay can be obtained by the use of additives.
The results also show that not only is the choice of 
additive important but also the dosage in which it is 
used,
Isoamyl nitrate, nitroethane and aniline may be said 
to represent three distinct kinds of additives} the first 
one reducing the ignition delay with increasing dosage, 
the second one which causes the maximum reduction in igni­
tion delay for an optimum dosage and the third one which 
when used in traces (^0,1$) reduces the ignition delay 
and when used in larger dosages ( >0.2$) increases the 
ignition delay.
8.7*2
It is interesting to note that in the spheroidal 
evaporation stage, the reduction in ignition delay brought 
about by nitroethane is greater than that produced by iso­
amyl nitrate. Thus at 500°C the reduction in ignition 
delay with these substances at 0,5$ dosage are 36.2$ and 
17 *3$ respectively and at 540°C the corresponding reduc­
tions are 57*5$ and 25*2$ respectively* In the contact 
evaporation stage, however, though the reduction in igni­
tion delay up to 0.5$ dosage is greater with nitroethane, 
for dosages greater than 1,5$ isoamyl nitrate produces 
the greater reduction* This indicates that up to a dosage 
of 0,5$ nitroethane may prove the better "ignition Improver*.
The results.obtained with th© wetting agent could to 
a certain ©xtant have been anticipated from the results obtained 
with nitroethane and from earlier observation© regarding the 
short Ignition delays obtained whan impurities wore present on th© 
heated surface. The wetting agent and nitroethane at large dosages 
may b© said to have caused th© disappearance &f the "zone of 
non-ignition” for kerosine. In this case th® evaporation rate 
of the fuel is increased by causing it to wet the surface and 
hence the supply of fuel vapour is continuous {see section 4.7*4)« 
This further substantiates th© earlier arguments that th© 
occurrence of the "zonae of non-igniiJam11 for tha easily ignit- 
able fuels is mainly -the, result of tho physical phenomena • -
obtaining in the transition rang®.
*8
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CHAPTER 9
THE SPONTANEOUS IGNITION OF LIQUID FUEL DROPLETS 
FALLING THROUGH HEATED AIR
176
9*1 Introduction
In an actual combustion system, the fuel droplets 
enter the combustion chamber with a high initial velocity 
and subsequently pass through various regimes of Reynolds 
numbers before being brought to rest either relative to 
the air or at the walls. The processes that occur when 
the droplet is passing through the air may to a certain 
extent be simulated by the passing of a hot air stream 
past a suspended droplet. However, it has been found that 
for such an arrangement spontaneous ignition fails to occur 
when the velocity of the air stream exceeds a certain level. 
Thus Masdin and Thring' '7 found that with a kerosine drop­
let of 1 . 3 mm diameter ignition failed to occur when the 
velocity of the air stream exceeded 13 cm/sec at an air 
temperature of JQO°C,
¥hen a fuel droplet moves through a hot air column, 
it leaves behind a trail of vapour which mixes with the air, 
producing combustible mixtures. If the conditions are 
suitable ignition occurs in this mixture and the flame thus 
produced propagates through the vapour trail in the wake
{ ItQ \
of the droplet and ultimately catches up with the droplet' 77. 
It has also been reported that at high temperatures ignition 
occurs at the leading edge of the droplet subsequent to, 
but independent of, the ignition at the wake of the droplet
The condition of the droplet leaving a trail of vapour 
in its wake can be simulated when a fuel droplet is allowed
to fall freely through a heated column of air. Published
information on the ignition delay cf liquid fuel droplets
falling through a hot air column is scarce, Hutchinson deter­
mined the Ignition delays for £ mm diameter droplets of an avia­
tion turbine fuel and a gas oil and found that these were of the 
order of 0,15 sec. at a mean air temperature of 880°C, He also 
observed that at low temperatures* ignition occurred in the wake 
of the droplet and at higher temperatures ignition occurred at the 
leading edge of the droplet, subsequent to but independant of, the 
ignition in the wake of the droplet. Wood and Charvonia^^ 
experimenting with droplets falling through a column of.the heated 
vapours of white fuming nitric acid also found that ignition initi­
ally took place in the wake of the droplet. Whey did not, however* 
distinguish ignition at the wake of the droplet from that at the 
leading edge of the droplet.
Recently, Meier zu Kocker and Mulders^^ have published 
results obtained for fuel droplets falling through a heated 
column of oxygen. They found that for temperatures of the oxygen 
above 700°C,, the ignition delays for the various fuels investi­
gated increased with increasing density of the liquid.
9.2 Aim and Scope of Present Investigation.
The aim of the investigations to be reported In the following 
chapters is to study the spontaneous Ignition behaviour and measure 
the ignition delays of liquid fuel droplets falling through a heated 
air atmosphere.
It will be recalled that the heating up delays for droplets 
in the spheroidal state on.a heated surface could not be calculated
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due to the presence of an unknown constant in the appropriate 
expression. For droplets falling through heated air* however, it 
appears possible to calculate the heating up delays. This will 
be done and the values obtained will be compared to the experiment­
ally determined ignition delay values.
CHAPTEH 10
THE HEATING UP DELAY AND THE EVAPORATION DELAY FOR A
LIQUID FUEL DHOFLST FALLING THROUGH HEATED AIH
ISO
10 ,1 The He ating bn Del ay.
When a liquid fuel droplet falls through a column of hot 
air, some time is spent in heating up the liquid to a temperature 
defined by equation 2.1. This heating up delay may be evaluated 
under certain assumptions. This has been done in Appendix IV and 
the expression obtained for the heating up delay is
0.72 D^,if P 1 C , . , T “ IT
t1-6 + _____°___tj*k (h) ln(-.a. ,.L°)
o ^ v / iIUT - }
a L1
1
rr?
(18.1)
where t^ is the time that elapses between the droplet being
released and attaining the temperature Tt and t the time
i °
that elapses between the droplet being released add its entering
the hot air column.
Equation 10.1 has been used to calculate the heating up
delays for 2 mra diameter droplets of kerosine, diesel fuel A
and n-oetane for a range of air temperatures. In obtaining the
values of Tt for kerosine and diesel fuel A, the initial boiling 
L1
points of these fuels were used for T^ in equation 2.1. The 
results are shown in Fig.10-1 for the particular case consider­
ed in the present investigations. The properties of the air 
were evaluated at the arithmetic mean temperature.
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10*2 The Evaporation Del a?/.
When a liquid fuel droplet falls through a.hot atmosphere* 
the effect of the relative velocity of the air past the droplet * 
will he to increase the evaporation rate by a factor which is a 
function of the Reynolds number^^*^^. Since the Reynolds 
number Itself is a function of the droplet diameter* the evapo­
ration rate will be increased from that appropriate to a stagnant 
atmosphere by a factor which is a function of the droplet diameter# 
However, for small Reynolds numbers it has been found that
the simple equation for the variation of droplet diameter with 
time is obeyed approximately for burning droplets, i.e.
■ ■ D? - D2 s C. t (10,2)o b
: where is the burning constant.
It may be assumed that for evaporation a similar expression may 
be used with replaced by Cg, The expressions for the evapo­
ration delay will then be approximately the same as those found 
for droplets in stagnant hot atmospheres (see Table 2-1).
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CHAPTER 11
DESCRIPTION OF APPARATUS AND METHOD OF PROCEDURE
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A detailed description of the construction of the 
apparatus and the associated electrical circuits will be 
found in Appendix V, A brief description is given below,
A schematic view of the apparatus is shown in Fig,l$**l, 
Plates 10-1 and 10-2 show two views of the general arrange­
ment of the apparatus and associated equipment*
The apparatus is a vertical furnace (Fig.1$-1) consist­
ing essentially of an electrically heated transparent 
fused quartz composite tube, insulated all round except for 
two diametrically opposite vertical observation slots 
formed almost throughout the entire length of the furnace. 
The temperature of the air in the heated tube is measured 
by twelve chromel/alumel quartz insulated thermocouples 
positioned in diameter holes drilled at 6 inch inter­
vals along the length of the tube, the first thermocouple 
being 3 inches from the top of the tube*
To minimise the loss of heat from radiation through 
the observation slots, these were covered with ordinary 
transparent glass plates.
Droplets of the fuel under test were allowed to fall 
through the heated tube and the ignition phenomena recorded 
by a 16 mm cinecamera focussed bn a two foot length of the 
furnace through the camera box (Fig,1$-1).
The droplets are formed at the tip of a hypodermic 
needle (see Section 3*4 )• Just prior to the droplet 
leaving the needle tip, the lever L is pulled aside,
uncovering the entrance to the furnace and at the same 
time starting o f f  the camera through an ex-U.S.A.F* 
overrun control unit. The droplet on leaving the needle 
tip interrupts a beam of light focussed on a phototransistor 
causing a solenoid to withdraw the furnace shutter (Fig.10-1), 
The droplet next interrupts a second beam of light focussed 
on a second phototransistor and this causes the firing of 
a photoflash which is recorded on the film, A synchronous 
motor, with a pointer moving over a calibrated dial at 
37$ re v per rain, is photographed along with the fallihgi- 
droplet* The ignition delay is measured by the movement 
of the pointer between the appearance of the flash and the 
flame of the ignited droplet on the film,
11 , Z Procedure
The heaters were switched on, with the variable trans­
formers supplying the heaters adjusted to supply a current 
of 1,5 amps through each of the 8 electric heaters situated 
vertically around the quartz tube and the apparatus was left 
to warm up overr-night, This brought the temperature up 
to about 500°C. The temperature was then gradually raised 
and a droplet of the fuel under test was allowed to fall 
down the furnace. When ignition occurred within the length 
of the furnace the temperature was stabilised at approximately 
that value. Readings of all the thermocouples were taken.
The lever L was then pulled aside letting the droplet fall 
and at the same time starting off the camera.
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After each test the furnace was scavenged by pumping fresh 
air by means of the hand bellows seen in Plate 11-1. Sufficient 
time Was allowed for conditions to become stable before another 
test was conducted.
The temperature throughout the furnace was not uniform.
Fig.11-2 shows the temperature distribution as read by the 12 
thermocouples. Thermocouple Ho.5, starting from the top read the 
highest of the twelve. Attempts to eliminate this ’hot spot1 in 
the furnace were not entirely successful. The mean furnace temper­
ature was taken as the average of the readings of thermocouples 1 
to 11, thermocouple No.12 being ignored as no observations were 
made in the bottom part of the furnace,
Once the film had been processes and printed, measurements 
were taken by projecting the film on a graduated screen to obtain 
almost full size magnification. The time intervals between the 
appearance of the flash and the flame on the film were taken as 
the ignition delay. Since the camera shutter was open for a finite 
length of time and the pointer on the synchronous motor moves a 
finite distance during this time, the pointer appeared as a blurr 
on the film. It was decided to measure the ignition delay as that 
interval between the positions of the pointer at the start of the 
exposure of the corresponding frames of the film.
The camera used was an old one and was subject to frequent 
bouts of jamming. The speed at which it ran varied from time to 
time and very rarely reached the specified speed of Sk frames/sec.
As in the final measurements, time was taken off the movement of
18?
the pointer on the synchronous motor the camera speed was not of 
paramount importance except for providing a high enough speed to 
increase the accuracy of measurement of the ignition delays.
Analysis of the films indicated* however, that probably more data 
could have been obtained if the camera speed was much higher, say 
about 2000 frames/sec...
The errors involved in the measurement of the ignition delays 
may be assessed from a consideration of the various steps involved* 
The ignition delays are measured from the instant the droplet 
interrupts the photoflash firing beam to the instant that a flame 
appears on the film, the time interval being measured by the 
movement of a pointer attached to a synchronous motor running at 
375 rev./min. The errors involved, therefore, are in the response 
time of the photoflash and firing circuits (about 2 msec.), the 
the detection of the ignition on the film (possibly out by 1 frame, 
giving an error either way of 20 msec.) and in the location of the 
position of the pointer ( an error of 3° of rotation possible, 
giving an error of about 2 msec, either way). The largest error 
is thus in the location of the flame on the film. This error, 
however, will tend to cancel out when a large number of observations 
are taken* The same applies to the error involved in the location 
of the position of the pointer. The response time of the photo­
flash and firing circuits will however have to be deducted from the 
ignition delay values but being snail (about 1# of the shortest 
ignition delays measured) may be neglected.
In the Figs. In the next chapter, the ignition delays are
given as the time from the photoflash firing beam to the occurrr -ce 
of ignition. Since the photoflash firing beam is situated Qt J?3 ;- 
above the top of the furnace, to obtain the ignition delay as the 
time from the instant the droplet enters the furnace to the instant 
of ignition, 10 msec, (the time taken for the droplet to reach the 
top of the furnace after interrupting the photoflash firing beam) 
must be deducted from the ignition delay values given in the Figs. 
The heating up delays given in Figs. 10-1, 12-2 and 12-3 have been 
calculated from the instant the droplet interrupts the photoflash 
firing beam and hence the starting point for both the heating up 
delay and the ignition delay are the same.
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CHAPTER : 12
OBSERVATIONS. RESULTS AND DISCUSSION
12.X Visual Observations ;
Ignition delay measurements were obtained for five 
fuels* vi** kerosine, diesel fuel, n-octane, isooctane 
and heptane. With all these fuels certain common phenomena 
were observed at temperatures 10 to 20°C below those at 
which ignition was obtained within the length of the 
furnace. These phenomena could be described in three 
stages as follows.
' V 12,1.1 Stage I
A blue halo was visible when the falling droplet was 
viewed from the top of the furnace, but invisible against 
the background radiation from the walls of the furnace 
when viewed from the side of the furnace, A few records 
of this bluish halo were obtained on the films for the fuels 
as streaks in the film. The appearance of the droplet 
during this stage is somewhat as shown in Fig.H-l(a)•
As the temperature of the furnace increases the intensity 
and diameter of this halo increases,
12.1.2 Stage II
When the temperature increased still further the 
bluish halo became streaked with bright streaks as shown 
in Fig,ll-l(b), In a few photographs this could be seen , 
as a small bright spot at the end of & pale streak. These 
bright streaks began to intensify with increase of tempera­
ture.
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12.1,3 Stage III - ■
As the temperaturewas inqreased Bven further the 
bright streaks began to envelope the droplet (viewed from 
above) and the "yellow* flame appeared as in Fig,ll-l(c)*
The evidence suggested that the Ignition occurs in the 
wake of the droplet.
The transition from the blue halo phenomenon to the 
bright flame was not sudden but gradual. Even at high 
furnace temperatures the bright "yellow" flame was always 
preceded by the bluish halo gradually* but rapidly going 
through the stages described above to result in the final 
flame configuration, *
12*2 Spontaneous Ignition of kerosine Droplets
Ignition with a 3.6 mg (2,06 mm) droplet of kerosine 
commenced within the length of the furnace at a mean furnace 
temperature of 806°C. The variation of ignition delay 
with the mean temperature of the furnace is shown in 
Fig,12-2* The ignition delay decreases rapidly for the 
first few degrees rise in temperature above 806°C but 
levels off above 820°C, On th© same figure is drawn the 
calculated heating~up delay using equation J#.l), The 
agreement between calculated values of the heating-up 
delay and the ignition delay values for temperatures above 
820°C indicates that the ignition delay for kerosine at 
high temperatures is limited by the heating-up delay.
A sequence of photographs taken at a mean furnace
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temperature of 807°C is shown in Plate 12-1. The faint streak in 
(a) may be noted, The lateral movement of the droplet seen in (b) 
was only very rarely noticed with kerosine. In (b) the lower end 
of the flame is partly hidden by a joint in the brickwork and in 
(c) the lower end of the flame is hidden by a piece of displaced 
micanite. This particular sequence was chosen for presentation 
because it was one of the few in which the faint streak in (a) 
was recorded. Thw width of the flame in (b) is approximately 
2,75 bus. ia Cc) about if.l mm. ( droplet diameter approximately 
2 mm.).
12.3 Spontaneous ignition of Diesel Fuel A Droplets.
Ignition for a £j.,l mg (2.1 mm) droplet of diesel fuel A 
commenced within the length of the furnace at a mean furnace 
temperature of 826°C, Fig.12-3 shows the variation of ignition 
delay with the mean furnace temperature. As with kerosine, the 
ignition delay decreases rapidly initially and then begins to 
level off. Also dravm in Fig, 12-3 1® the heating up delay curve 
using equation 10,1, Again as vd-th kerosine, for temperatures 
above about 850°C there is close agreement between the calculated 
heating up delays and the experimental ignition delays, indicating 
that at higher temperatures, the ignition delay is substantially 
the heating up delay.
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Plate 12-2 shows a sequence of* photographs taken 
at a mean furnace temperature of 827°C* In (a) the 
development of ignition can be seen* The width of the 
bright streak at the thickest portion is about 2 mm while 
at the top it is just a thin line* In (b) the flame is 
wider - about 4*8 mm* In (c) the lower part of the flame 
is below the edge of the camera box and cannot be seen.
The flame width here is aboht 5*45 mm* The bright streaks 
on the left in the frames are reflections off the glass 
plates covering the observation slots.
12.4 Spontaneous Ifmition of Heptane* n-Qctane and Xsooctane
Droplets,
Figs* 12-4 and 12-5 show the variation in ignition 
delay with mean temperatures of furnace for a 3*1 mg 
(2.04 mm) droplet of n-octane and a 2.4 mg (1.88 mm) droplet 
of isooctane respectively. Included in Fig.12-4 are a 
few observations obtained with a 3*0 mg ( 2.03 mm) droplet 
of heptane. n-octane and isooctane both commenced ignition 
within the length of the furnace at about 765°C* Heptane 
did so at a slightly lower temperature*
Plates 12-3, 12-4 and 12-5 show sequences obtained with 
n-ootane, isooctane and heptane at mean furnace temperatures 
of 775, 776 and 762°C respectively. In all these photo­
graphs the development of ignition is clearly evident in the 
first frames - the bright non-luminous streaks in Plates 
12-3(a) and 12-4(a) may be noted. In Plate 12-5(a) this 
streak is already becoming luminous. Another point of
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Interest is the rather wriggly shape of the flames for 
heptane (Plate 12-5) suggesting a continuous lateral move­
ment* It is to be noted that this lateral movement 
begins a little after ignition. In contrast the flame 
shapes for n-octane and isooctane are regular, no lateral 
movement being visible. (The obstructions of the flames 
from the view of the camera by the brickwork and pieces 
of micanite are not to be mistaken for distortion of the ' 
flame shapes.) In plates 12-3 and 12-4, it can be seen 
that the widths of the flame envelopes increase and then 
decrease, The flame width for n-octane in Plate 12-3(b) 
is about 2.8 mm, in (c) 3*2 ram and in (f) 2.7 mm. For 
isooctane the widths in Plate 12-4 are: in (b) 2.1 mm,
in (c) 3»9 mm, in (d) 4.9 mm, and in (e) 4.9 mm. For 
heptane the Flame widths, except in the first frame, are 
consistently about 3*1
1 2 . 5  Discussion
12.5*1 Mechanisms of Ignition
Visual observations and photographic evidence point to 
the occurrence of ignition in the wake of the droplet.
The moving droplet leaves in its wake a trail of vapour which 
interdiffuses with the hot air, undergoing chemical reactions 
that lead to spontaneous ignition. The flame thus produced pro­
pagates through the vapour trail to become finally attached 
to the droplet. The Plates show the development of ignition 
quite clearly. It is of interest to note that the blue
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preflame phenomena described in Section 12*1 was of longer 
duration for heptane, n-octane and isooctane than for 
kerosine and diesel fuel. This blue flame or luminescence 
may probably be due to reaction occurring at weak mixture 
ratios in the wake of the droplet*
The bright streaks described in Section 12.1,2 appear 
to be the tracks of incandescent carbon particles moving 
outwards from the vapour zone. Since these appear after 
the blue luminescence it may be concluded that as the 
evaporation rate increases the availability of oxygen 
decreases in the interdiffusion zone and this combined 
with the high temperatures existing^*1-^ leads to the forma­
tion of carbon particles which burn out as they find their 
oxygen supply.
12.5.2 Heating-up Delays
The agreement between the calculated heating-up delays
and the ignition delays at temperatures above 820°C for
okerosine and above 830 C for the diesel fuel A is close.
For n-octane however the calculated values are well below 
the ignition delays obtained. The heating-up delays 
shown in Fig,10-1 have been calculated for initial tempera­
ture of the fuel of 15°C for kerosine and diesel fuel and 
10°C for n-octane. The temperature of the water jacket 
surrounding the hypodermic needle varied between 10 and I3°c, 
Since the times of formation of the n-octane droplets were 
shorter than those of kerosine and diesel fuel it was 
thought appropriate to use the lower value for n-octane and
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the higher values for kerosine and diesel fuel in calcu* 
lating the heating-up delays, * It is likely however that 
the actual initial temperatures of the kerosine and diesel 
fuel droplets were slightly in excess of 15°C,
It was observed during the experiments that if the 
furnace shutter was left withdrawn and the lever h (Fig,ll-l) 
pulled aside to expose the droplet during its formation 
at the needle tip, Ignition occurred almost as soon as the 
droplet entered the furnace, at temperatures where, under 
normal operation, ignition occurred near the bottom of the 
furnace* The scatter obtained with the results therefore 
may be due to the droplet being exposed to the heat from 
the furnace for different lengths of time,
12.5*3 Ignition Delay Curves
The steep variation of ignition delay with mean fur­
nace temperature, at the longest delays, is of interest.
These ignition delays pertain to relatively high velocities 
of the droplet - from observation, of the order of 10 to 
13 ft/sec. As the droplet falls down the furnace its 
velocity increases and consequently the turbulence in the 
wake of the droplet increases. Each point on the ignition 
delay curve therefore corresponds to a different degree of 
turbulence. Evidence in the literature (37»^8,63) indi­
cates that turbulence tends to suppress the ignition pro­
cess at those temperatures where ignition is ijttstk possible 
in the absence of turbulence. Turbulence also tends to
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steepen the ignition delay/temperature' curves (48,63).
The steepness of the ignition delay curve at the low tem­
perature region may therefore be attributed to the tur­
bulence in the wake of the droplet.
The relative ignition qualities of the fuels as ob­
tained with droplets falling through heated air do not 
bear any relation to those found at low temperatures on 
the heated surface (Chapter 4), The order of decreasing 
ignitabilities as obtained for droplets falling through 
heated air isi diesel fuel A, kerosine, n-octane/isooctane 
and heptane. This order is more in the order of decreasing 
boiling points and suggests a dependence on the physical 
processes of heating up and vaporisation, (it is already 
seen (Section 12«.5*2) that at higher temperatures the 
ignition delay curves for kerosine and diesel fuel A, tend 
to the heating-up delay curves.) It is interesting to
note that with sprays injected into a hot vitiated air 
(66)stream Mullins. ' found that the ignition delays for n- 
heptane were shorter than those for kerosine in the tem­
perature, range 8O0-1OQO°C,
The ignition delay curves obtained for droplets fall­
ing through heated air are compatible with those obtained 
for droplets on a heated surface and in fact appear to be 
a continuation of the trends exhibited at the high tempera­
ture end of the spheroidal evaporation stage* Thus at a 
temperature of 600° C of the heated surface the ignition 
delays for kerosine and diesel fuel A were almost identical,
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the trends of the curves suggesting that at higher temperatures, 
the ignition delay for. diesel fuel A would be longer than that 
for kerosine5 the ignition delay for heptane was shorter than that 
for kerosine ar diesel fuel A for temperatures above 555°C; the 
shape and relative positions of the curves for heptane and n-octane 
indicated that at higher temperatures heptane would tend to have 
the shorter ignition delays.
It Is evident, therefore, that the ignition delay curves 
obtained for droplets of various fuels falling through a column 
of heated air are in effect continuations of the ignition delays 
obtained in the spheroidal state.on a heated surface.
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CHAPTER 13
COIICLtlSIQKS Al-TD POSSIBLE LIFSS OF FUTURE WO IK
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13.1 CONCLUSIONS*
.-The spontaneous ignition and ignition delay of liquid fuel 
droplets falling (1 ) on a heated surface and (ii) through heated 
air have been investigated. . No results have previously been 
published on the ignition delay of liquid fuel droplets falling 
on a heated surface and the present work therefore breaks new 
ground in the field of combustion. It is suggested that the results 
presented in this report will be applicable in the field of 
combustion wherever liquid fuel droplets accidentally or deliber­
ately come into contact with heated surfaces as for instance in 
compression-ignition engines, gas turbines, vaporising burners, 
boiler installations and in the storage, handling and distribu­
tion of liquid fuels. The present studies on the spontaneous 
ignition and ignition delays of liquid fuel droplets falling 
through heated air substantiates and supplements the studies by 
previous workers (ignition delays on heptane, neoctane and iso­
octane droplets falling through heated air presented in this report 
have not been previously published.)
A Simple hemispherical model has been proposed to represent 
the shape of a droplet evaporating in the 1 spheroidal* state on a 
heated surface. Based on this model an expression has been derived 
(Appendix II) for the evaporation rate of a liquid fuel droplet in 
the * spheroidal* state which is in agreement with the experimental 
results of previous workers. The diameter of the droplet as a
function of time may be expressed as
where is the initial diameter of the 
droplet as seen in plan on the 
surface,
D is the diameter at any instant t,
and C is the evaporation constant,
6
A fresh theoretical approach has been made to study the effects
of various factors on the ignition delay of individual liquid fuel
droplets either in the ♦spheroidal* state on a heated surface or 
in a stagnant hot atmosphere. Two new terms have been introduced 
to represent the so called physical delay. The first of these terms 
is the * heating up delay1. This is shown to be the truly physical 
part of the ignition delay and is defined as the time taken for 
the droplet to reach a minimum temperature where a stoichiometric 
fuel/air mixture can exist at or near the fuel sueface. (This 
minimum temperature has been calculated for the normal paraffinic 
hydrocarbons (Appendix II) without taking into account the effects 
of diffusion. It Is suggested that the effects of diffusion will 
be to raise the minimum temperatures calculated as above.) The 
second term is the * evaporation delay*. This is shown to be partly 
physical and partly chemical, and is defined as a function of the 
evaporation rates. Expressions have been derived to indicate the 
effects of various factors on the heating up delay and the evapo­
ration delay (summarised in Table 2-1} for the case of the droplet
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in the spheroidal state on a heated surface and that of a droplet 
in a stagnant hot atmosphere. The treatment has been extended to 
the case of the droplet falling through a heated air column (Chapter 
10). The results obtained in the present investigations on the 
ignition delay of liquid fuel droplets falling on a heated surface 
or falling through a hot air column are shown to be in agreement 
with the theoretical expressions derived. What little data there 
is available in the literature on the ignition delay of liquid 
fuel droplets in stagnant hot atmospheres has also been shown to 
be in agreement with the theoretical expressions derived (see 
sections 2.4.1(11) and 2.7.1 and Fig.2-4). It may therefore be 
concluded that the approach developed in the present investigations 
will lead to a better understanding of the factors affecting the 
ignition delay of liquid fuel droplets, provided certain refinements 
and advances are made.
The heating up delays for droplets in stagnant hot atmospheres 
and for droplets falling through heated air have been calculated 
(sections 2.3*3 and 1 0 .1 and Figs.2-3 and 10-1). For the higher 
boiling point hydrocarbon fuels such as kerosine and diesel fuels 
the ignition delay curve tends to the heating up delay curve with 
increasing temperature.( both for the case of the droplet in a 
stagnant hot atmosphere (Fig.2-4) and for the case of the droplet 
falling through heated air (Figs. 12-2 and 12-3).
The effects of droplet size and the initial temperature of
the fuel on the ignition delays for fuel droplets falling on a 
heated surface are in good agreement with the theoretical
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considerations.
The heating up delay increases with increasing droplet size 
(equation 2,8 ) while the evaporation delay decreases with increa­
sing droplet size (equations 2 .2 3 and 2.2 5). The ignition delay 
curve therefore exhibits a minimum with increasing droplet size. 
(Figs. 5~3(&) an<* 5-4(&)).
According to equation 2.8 the heating up delay should decrease 
linearly with increase in the initial temperature of the fuel for 
a droplet in the spheroidal state on a heated surface. This is 
borne out by the results in Fig 6-1, where the ignition delay 
decreases linearly with increase in the initial temperature of the 
fuel.
Perhaps the moot significant results obtained in the present 
investigations are those seen in Figs. 4-1, 4-2, 4-3, 4-4.1 and 
4 -6 for the variation of the ignition delay with the temperatiire 
of the heated surface for the fuels kerosine, diesel fuels A and C, 
the aviation turbine fuel JP-5, n-octane and isoamylnitrate. It 
is seen that for these fuels , the ignition delay is critically 
dependant on the temperature of the heated surface, i,e., the 
ignition delay curves exhibit a minimum at or slightly above the 
respective maximum boiling rate point. It is also seen that 
‘zones of non-ignition1 exist in the transition evaporation range. 
These ‘zones of non-ignition*, also reported by previous workers 
engaged in the determination of spontaneous ignition temperatures
(2,46)^ are now seen to be the result of the evaporation pattern
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obtaining in this region (see section 4*7.3 ).
The ignition delay curves obtained for droplets falling on 
a heated surface has led to the classification of liquid fuels 
into groups depending on the location of the minimum temperature 
at which they commence ignition in the given apparatus relative 
to the maximum boiling rate point and the leidenfropt point (see 
sections 2.7,2 and 4*7.2, Fig.2-5 and Table 4-7).
The results also show the inherent drawbacks in the use of 
minimum spontaneous ignition temperatures determined by the 'oil 
drop* method as a basis for the comparison of the relative ignition 
qualities of liquid fuels. Is is evident that some fuels undergo 
spontaneous ignition both in the contact evaporation stage and in 
the spheroidal evaporation stage whilst others undergo spontaneous 
ignition in the spheroidal evaporation stage only, the physical 
conditions in the two evaporation regimes being erntirely different* 
It must be emphasised therefore that comparison between the spon­
taneous ignition temperatures of any two liquid fuels should only 
be made when the physical conditions are similar. Thus comparison 
should only be made either in the contact evaporation stage or in 
the spheroidal evaporation stage, preferrably at constant ignition 
delays*
The applicability of the results, albeit in a qualitative 
manner, obtained in the present investigations to internal combus­
tion engines is evident in the correlation between the ignition
temperatures at constant ignition delays and the known Cetane and 
Octane rating of the fuels (see Figs.4 -7 and 4-8 ).
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The effects Of various additives in the fuel on the variation 
of ignition delays with temperature of the heated surface for 
kerosine have been investigated. The effects of the additives as 
determined in the. present investigations as far as the ignition 
delays are concerned have been confirmed by the results of a 
colleague engaged in engine tests. From the results of the present 
work* additives have been divided into three classes according to 
the effect they have on the ignition delay of kerosine (see sect* 
ion 8.7.1)# r
Several conclusions have been reached from the present inves­
tigation, The main findings may be summarised as follows:- 
1 ) When a droplet of an easily ignitable fuel - this covers 
most of the fuels used for compression ignition engines and 
kerosine type fuels - is allowed to fall on a heated surface, 
the ignition delays obtained are critically dependant on the 
temperature of the heated surface, i.e., the ignition delay 
curves show minimum values at or slightly above the maximum 
boiling rate points. Often ’zones of non-ignition* may be 
isolated between the maximum boiling rate points and the Leiden- 
frost points* These ’zones of non-ignition* are attributed to 
the fact that the evaporation rate decreases with 'increase in 
temperature in the transition range,
H) The theoretical expression for the variation of droplet 
diameter with time for a droplet evaporating in the spheroidal
state on a heated surface is given by
3) The so called physical delay can he divided into the
f heating up delayf and the •* evaporation delay *. The heating up 
delay is truly physical and increases with droplet size, while 
the evaporation delay is partly physical and partly chemical and 
decreases with increasing dropletc-size (see Table 2-1 and 
Chapter 10)/ Consequently the ♦physical* delay curve and hence 
the ignition delay curve shows a minimum with increasing droplet 
size. $he droplet size giving minimum ignition delay decreases 
with increasing boiling point for the normal paraffins. Indi­
vidual droplets of very small size may not undergo spontaneous 
ignition at all.
h) For droplets of high boiling point fuels such as kerosine
and diesel fuel, the heating up delay occupies a significant 
proportion of the ignition delay, particularly for droplets 
in a stagnant hot atmosphere or falling through heated air and 
at higher temperatures the ignition delay is substantially the 
heating up delay.
5) The effect of the initial temperature of the fuel on the
ignition delay is given by its effect on the heating up delay. 
For a droplet in the spheroidal state on a heated surface, the 
the heating up delay and consequently the ignition delay decrea- 
/•, ses linearly with increase in the initial temperature of the 
fuel (equation 2.8). For a 3 .6 mg. droplet of kerosine a 6G°C, 
rise in the Initial temperature of the fuel brings about a 20%
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reduction in the ignition delay. For the case of the droplet in 
a stagnant hot atmosphere and that of the droplet falling through 
heated air , the effect of the initial temperature of the fuel 
on the ignition delays will be given by the appropriate expre­
ssions (equation© 2 .5 and 1 0 .1 respectively).
6)(1) Additives In the fuel produce significant reductions in the 
ignition delays of kerosine droplets falling on a heated surface.
6)(ii) The choice of the additive and its dosage is important.
Some additives e.g. isoamylaitrate, reduce the Ignition delay 
with increasing dosage, the reduction increasing with increasing 
dosage; others e.g. nitroethane, have an optimum dosage for 
which the reduction in ignition delay is a maximum, while yet 
others e.g. aniline, reduce the ignition delay when used in small 
quantities (lees than 0 .1% by volume) and increase the ignition 
delay when used in larger quantities (greater than 0 .2% by 
volume). ,
13.2 Possible Lines of Future Work.
The most obvious extension to the present work would of course 
be to determine the effects of pressure on the ignition delay/temp­
erature curves of liquid fuel droplets falling on a heated surface; 
though the effects of pressure have been considered in section b*7*5 f 
experimental confirmation and a measure of the magnitudes of these 
effects would be of importance
zzz
Other aspects that need investigation are the effect of the 
composition of the atmosphere on the ignition delays. Enriching or 
vitiating the atmosphere should give an idea of the chemical delays 
involved. This could best be done in a bomb type apparatus.
It would also seem fruitful to design an apparatus where that 
part of the heated surface on which the liquid fuel droplet falls 
is maintained at the maximum boiling rate point of the liquid and 
the rest maintained at a variable temperaturey thus ensuring that 
the physical delay is a minimum.
The fresh interpretation given to the concept of the * physical * 
delay in the present investigations should serve as a basis for 
further theoretical work in this field. In defining the heating 
up delay certain approximations have been introduced such as 
neglecting the effects of diffusion and the effects of thermal 
gradients within the droplet. It is hoped that future work will 
provide sufficient data for these to be taken into account. It is 
also hoped that the concept of the evaporation delay will be
widened to take into consideration the chemical reactions that
occur during the evaporation delay and the effects of the evapo­
ration rates bn the reaction rates and vice versa. In this way it
may be possible in due course to compute the ignition delay of 
a liquid fuel droplet under a given set of circumstances. It is 
also evident that the theoretical considerations In the present 
investigations must be extended to a cluster of droplets in order 
to further our understanding of the spontaneous ignition of fuel
sprays.
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APPENDIX I .
Minimum temperature of the liquid fuel required to produce 
a stoichiometric fuel air mixture at or near the fuel 
surface for the normal paraffinic hydrocarbons. .
The normal paraffinic hydrocarbons have the general 
formula
CnH2„+2
Writing the chemical equation for stoichiometric reaction* 
we have
CnH2n+2+(2t£i)°2+ll<2f ti)N2 T
CnH2n+2^2§±i)X IF A *  nC02+(«*l)H20*g(2ati)N2 (l-l)
where A g air.
Considering a closed vessel at uniform temperature 
and constant pressure we may write for the fuel and air per 
unit volume* assuming that the perfect gas laws apply for 
the fuel vapour.
m n^RT where p is the partial pressure
R is the universal gas 
Pa * na^\ constant
T is the absolute temperature 
n is the number of moles.0 • p n
a a suffices a and f refer to
• ' • £ £  ■ . X -
pa+pf na+nf
air and fuel respectively.
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nf '
: a r
Pf ° ,~— W o o b  (pa+Pf) U3ins (I-
../ . l 2 * 21 .
When the total pressure is atmosphere* i.e. (p +p«)a i
I k * 7 Ibf/sqin, we have
I k . 7
p »      «... ..  Ibf/sq in (1-2 )
Pf can thus be computed for various values of ,n.
The temperature of the liquid for which p^ is given by 
equation (1-2 ) can be obtained from published 
The results are shown in Fig, (l**l). The resulting rela­
tionship can be expressed by the equation
Tl . = 0,7^ Tg - 70 (1-3)
where Tt is the temperature of the liquid 
fuel that gives p^ , to satisfy equation (l~2 ) 
and Tg is the boiling point of the liquid.
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FIG. I - /
MINIMUM TEMPERATURE OF LIQUID FUEL NECESSARY 
TO FORM A STOICHIOMETRIC MIXTURE. FOR THE
NORMAL PARAFFINS- Hydrocarbon data from refs S4.68,60-
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. . ' APPENDIX" XI .
IX, 1 Behaviour of Droplets Falling on a Heated Surface,
As mentioned in Chapter 1, section 1,1, the behaviour of 
liquid fuel droplets falling on a heated surface has been found 
to be critically dependant on the temperature of the heated
/. i \
surface , Fig.11-1 shows a typical curve obtained by Taraura
and Tanasawa^^V for the 1 life time* - the time taken for the 
complete evaporation of the droplet - of a liquid droplet falling 
on to a heated surface. The life time of the droplet decreases 
with increasing temperature of the heated surface from &Q to • 
(These notations are now introduced to denote specific points 
on the life curves.) At about a change in the pattern of 
evaporation occurs and the rate of decrease of life time with 
temperature at this region is less than that between ©Q and 
After ©^ the life time again decreases rapidly until the point 
@2 is reached, corresponds to the maximum boiling rate 
point. When the temperature of the heated surface is raised 
beyond time increases until the Leidenfrost point
©2 is reached. Beyond the Leidenfrost point the life time 
again decreases with increase of temperature of the heated surface. 
The whole life curve described above may be divided into 
three ranges, the first range from ©0 to called the contact
evaporation range, the second range from called the
transition range and the third from ©,, onwards called the 
spheroidal evaporation range.
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In order to obtain the values of ©2 and ©^ , the data 
from 3Ref,Z+l are plotted in the form of these values against the 
normal boiling point of the liquid in Fig* II-2. The resulting 
relationships are quite linear. The best straight lines have 
been drawn and the equations to these straight lines are
e1 * 1.055 ©B + 6 (II-l)
©2 = 1.156 ©B + 2? (11*2)
©j = 1.4 eB"+ 78 (11*3)
where ©^ is the normal boiling point of 
the liquid.
These relationships may be used to locate and
for any liquid.
II.1.1 The Contact Evaporation Stage.
In this range, observations made by the present author 
showed that the droplet on falling on to the surface, spread 
out asa thin film over the surface for very low temperatures of 
the surface. At slightly higher temperatures the droplet assumes 
the shape of a lens and then began to disappear from the periphery 
inwards. As the temperature of the surface was increased even 
further, the lens shaped drop spread further and at the same 
time the rate of disappearance of the liquid from the peripheiy 
also increased until as ©^ was approached, the rate of disapp­
earance of the droplet compensated the rate of spreading of the 
droplet and the diameter to which the droplet spread became less.
235
In the region of ©^ the droplet on striking the surface, 
evolved ap puff of vapour and appeared to float over the surface 
without actually losing contact with the .surface. The upper 
layers of the liquid appeared to be sliding over a less viscous 
lower layer* After the initial puff of vapour, the rate of 
evolution of vapour decreased for a while and then increased 
again.
At about a bubble usually appeared at the centre of 
the droplet and remained there until the droplet disappeared. 
With increase of temperature of the heated Burface, more 
bubbles began to appear and boiling began to take place. As 
the point ©2 was approached the rate of disappearance of the 
droplet became more rapid and at ©^ droplet disappeared at 
a very rapid rate accompanied bya a spluttering noise.
As is evident from the above description of the behaviour 
of the droplet during the contact evaporation stage, defining 
a geometry of the droplet during this stage is difficult and 
hence a theoretical evaluation of the evaporation rate appears 
impossible, Tamura and Tanasawa^^ found empirical relation- 
ships to express the life times during the contact evaporation
stage. These are given by
© a m
t « k d* * 5
0 V  F
for the range to ©1
where k, and k
for the rarange 0^ to
^ ffi are the life times of a 1 mm. droplet 
at the boiling point and* the maximum 
boiling rate point respectively.
is the initial diameter of theddroplet,
m and n are constants for any given liquid.
©g is the boiling point of the liquid.
is the freezing point of the liquid.
$2 is the maximum boiling rate point.
© is the temperature of the heated surface, s
XI.1.2 Bvaporfetlon in the Transition Range.
The processes as observed during this range oi evaporation
range the droplet on striking the surface breaks up into smaller 
droplets and evaporates in the spheroidal form as separate drop~ 
lets. Observations made by the present author showed that 
during the early portion of this range, the droplet on striking 
the surface did make contact with the surface initially but that 
the lower layers of the liquid were vaporised av/ay very rapidly 
to leave a vapour film between the droplet and the surface. This 
vapour film then collapsed permitting the droplet to make contact 
with the surface again. This process was repeated continuously
for a while. The initial contact and rapid vaporisation were 
evidenced by a puff of vapour evolved at the instant the drop­
were rather complex. Tamara and Tanasawaf^^ state that in this
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let struck the surface. Breaking up of the droplet into smaller 
droplets did occur occasionally but not all the time.
As the temperature of the surface was increased further 
the collapsing of the vapour film became less-frequent and the 
droplet spent more of its life time evaporating in the spheroi­
dal state.
An additional observation made during this stage and which 
sas true of the spheroidal evaporation stage also was the rather 
elastic behaviour of the droplet on striking the surface. The 
droplet on striking the surface tended to flatten out before 
gathering itself into its final configuration. Between the 
instant of striking the surface and attaining its final config­
uration it executed a few bounces without quite leaving the 
surface, Occasionally the flattening of the droplet and the 
simultaneous formation of a bubble in the middle of the droplet 
caused its disintegration into smaller droplets which then 
evaporated in the spheroidal state. As the temperature app- - 
roached the elastic behaviour still continued but the drop- 
let did not break up as often as it did at lower temperatures.
Again as with the droplet in the contact evaporation stage, 
due to the complex behaviour and varying geometry of the droplet 
no theoretical evaluation of the evaporation rate in the trans-
O
ition stage has been possible.
II.1.3 Evaporation in the Spheroidal Range.
Once the Leidenfrost point 8, was reached, the droplet
continued to behave In the same elastic manner described above*
On striking the surface, a Vapour layer was established almost 
immediately between the droplet and the surface. The final shape 
of the droplet depended on its size. With the larger droplets, 
the shape approximated to a hemisphere,’ with the lower layer not 
quite plane (see Fig, II-3)» With smaller droplets (less than 
1 mra. diameter) the shape v/as more or less bpherical.
In order to derive an expression for the evaporation rate 
of the droplet in the spheroidal state the actual shape of the 
droplet is approximated to that of a hemisphere as shown in the 
Fig. II-» 3 ky the full lines. The following assumptions are 
made ^^)
i) Heat transfer to the droplet takes place only from the 
heated surface,
ii) The temperature of the droplet remains constant at 
H i )  The lower surface of the dr&plet is at the saturation
temperature of the liquid, 
iv) Vapour leaves only through the periphery of the vapour 
layer.
Let
z specific heat of liquid
D z diameter of the droplet as seen in plan on
the surface.
h r mean coefficient of heat transfer between
surface and droplet.
“ thermal conductivity of vapour layer.
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L a latent heat of vaporisation of liquid
at saturation temperature 
« mean temperature of liquid 
^sat * sa^11;ra^ ^on temperature of liquid 
T * temperature of heated surface
V =s volume of droplet
v ss mean velocity of vapour leaving periphery
6 =* thickness of vapour l a y e r
a density of liquid
p « density of vapour,v
Writing the energy balance equation we have
h .?g- (Ts-T6at) pv . L . § >  CpLPL dt <VTL> <XI-6 )
i.e.
h .£g! (T _Tsat) = p1/L.|.02pL §  ,D2 . § ( T sat-TL )
L +Cp ^ s a t " ^  
whence h = — — - i — — (XI-7 )
' s sat
h -  pL — - V  *  ) * f t  ( i i -& )
' s sat '
where Q » L + C (^saj; * ^,) = recluired
li
to vaporise unit quantity of fuel 
from liquid at temperature
2k0
X>
Mean excess pressure causing flow
' PL » Pv>
0L (neglecting pv*
V  SB £
(2 g D p ^
3 r«
(H-9)
where 5 is a coefficient* 
Mass rate of escape of vapour is given by
also
dm
dt
dm
dD
a nl)b£ /2gPL S D
3 /*„.
d ( nI) pi v 
dD A 12 }
(11-10)
dm
dD
7lD pL (ll-ll)
from (II-3.Q) and (ll~ll)
dD
dt
k l b  / 2gDP1.N-
Dp.L J Pv
(ix-ia)
Since the flow is laminar we have 
k
h « v (II-13)
From (II-8), (11*12) and (II-I3 ) eliminating h and 6 we have
t\ 2 ( dD \ 2 
xdt'
2 g
3 PL3f>WJ
Integrating and putting D = Dq at t;« 0, we have
D
er*
J/h _  d j A  a i
:{T -T ,) /■ v\ s- sat ' ■
X  1 2*
■3plV
(II-16)
x. e. D . - D « c to e
wiiere © - i
4Qcv(Te -Tgat) /
« \3P,
■ (11-18)
An expression for the thickness 6 of the vapour layer 
is arrived at from equations (II-8 } * (ll-12)and (ll-13)which 
is
6
k (T - T .) 3D v 3 sat *  ^ ^
x. i 2
t+sq -s p l pv ' (11-19)
(U)Figure II-if Shows the data of Tamara and fan&sawa 
for a benzine droplet plotted according to equation (11-17) 
i*e. vs* t. The relationship is quite linear*
From equation (II-17)* the evaporation constant Cq 
is obtained for the condition* when D » 0, t tL where
t^ is the life of the droplet.
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APPENDIX IV
-HeAiing*Up Delay for a Droplet Falling? Through a Hot 
Air Cblumn, ' \
For heat transfer between spheres and air for Reynolds 
numbers between 17 and 20,000 McAdams^  ^ recommends the 
use of the relationship
Nu = 0.37 ( ~ ) ° ’6 IIV-1)
f
" ■ ;fr D  '
■ •where Nu «
■ f
h a mean heat transfer coefficient m
D *s diameter of sphere
kf . thermal conductivity of air evaluated
at mean temperature 
V » velocity of air stream 
v £. = dynamic vis cot ity of air evaluated 
at mean temperature.
For a sphere falling through a column of hot air we 
may write, neglecting drag on sphere
V » gt where t is measured from the instant
the sphere is released.
(By choosing suitable boundary conditions we can cir­
cumvent the fact that equation (iV-l) is not applicable 
below Re » 17.)
In order to apply equation (lV-2) to a liquid droplet,
the following assumptions are made*
1) No evaporation takes place during the interval con­
sidered*
2) The temperature within the liquid droplet is uniform 
at all times*
3 ) The droplet falls under gravity with no drag*
We may write for heat transfer
IIV-3)
where pT - density of liquid
C * specific heat of liquid
PL
T » temperature of air
cl
Tt s temperature of liquid droplet
Substituting for hm from equation (IY-2)
Zb9
Assuming constant C f p , k„ and v and integrating
L r  %  I
we have
In
T -Tt a L
0,6 / 1,6 .*1.6 
t - t
i,6D p, C
L pi.
where at t » t , Tt a Tt
O L L O
Let at t = tiai m (see equation 2,1)
■ % , )  . 6 x 0,37 ,.k, (OS)0 *6 f t 1,6
Ta-%V i.^ nVc f V  i h
1 L PL
- t
• • v =
0 , 7201 ,l*PLCp
€ kT -T.a L-
1
I7£
(iv-4)
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APPENDIX V
Description of Vertical Furnace and Associated Equipment
V* 1 -v The Furnace
The working part of the furnace is a composite tub© 
made of three,2 ft lengths of transparent fhaed quarts 
tubing of 44 mm bore and 1 mm wall thickness. The com­
posite tube is supported between refractory bricks as 
shown in Fig,V-l. These bricks were fashioned as shown 
in Fig.V**2 with four longitudinal grooves, cut in the 
walls of a semicircular hole of 2 in*diameter cut on one 
side of the brick, to carry the heater coils* A reduc­
tion of -Jg* in. on the side of the brick was introduced 
as shown in Fig.V-2 so that when two bricks were mated, 
observation slots -J- in, wide were available almost through­
out the entire length of the brick.
The micanite sheets shown in Figs, V-l and V-2 serve 
to insulate the heater coils from the stainless steel 
sleeves used to join the pieces of quartz tubing and at 
the same time provide additional support for the heater 
coils.
Fig.V-l shows the upper end of the furnace and details 
of assembly of the brickwork. The bricks were assembled 
within an angle iron framework consisting of 4 angles con­
taining the comers of the bricks and bolted to the furnace 
carrying plate. The top of the furnace is made from a part
of a refractory brick and has a circular groove on the 
lower face to locate the quartz tube. A central hole
■ 3 ■ : ‘
master is drilled in the top brick for the admission
of the fuel droplets. Another hole \  in, diameter drilled 
slightly to a side and covered with a piece of glass serves 
as a vidwing window. The top brick also carries a hori­
zontal recess •§ in* high and T| in. wide for the furnace 
shutter.
Details of the lower end of the furnace are shown in 
Fig*V-3« A circular groove is cut on the upper face of 
the base brick to locate the quartz tube* A -J- in. copper 
tube is positioned as shown for the introduction of 
scavenging air when necessary*
The base brick rests on the furnace carrying plate 
which is a 12w x 12" x f” mild steel plate* This is in 
turn carried on three levelling bolts fixed to a base 
plate of the same dimensions as the furnace carrying plate. 
Once the furnace is assembled, it is made exactly 
vertical using a plumbiine and adjusting the levelling 
bolts. Having checked for verticality the assembly is 
made rigid by angle iron members thrown and bolted to the 
walls of the room. ,
\
V-2 Heater Circuits 1
The 8 heating elements, each having a cold D,C. resis­
tance of 35 Q, are wound from 2k gauge 80*20 nichrome wire.
i ' ■'
These elements are mounted vertically in the> grooves as shown
252
in Fig.V-l, "The 8 elements are divided into Tour pairs, 
each pair being connected in parallel and supplied from 
the mains by a variable transformer through an ammeter.
A fifth variable transformer supplies a separate heater 
placed under the base plate in order to minimis© the heat 
losses from the lower end of the furnace.
, V—3 Temperature Measurement
Twleve quartz insulated chrorael/alumel thermocouples 
are located at 6 in, intervals along the length of the 
furnace, with the junction protruding about \  in. into the 
quartz tube. Each of the thermocouples could in turn be 
connected to a potentiometer in conjunction with a cold 
junction through a multipoint switch. The cold junction 
is maintained at 0°C in ice.
V-4 Camera Timer Circuit
An ex-U* S.A.F, overrun control unit is used to run 
the camera for a pre—set interval of time. Since the 
total height of the furnace is just over six feet, it was 
estimated that allowing for the speeding up of the camera, 
a total time of run not exceeding three seconds was required. 
The above camera overrun control unit could be set to run 
for anything between 0 and 3 sec. The circuit of this 
unit as modified for use in the present experiments is 
shown in Fig,V-4.
On throwing the toggle switch (Fig.V-4) to the position
2^3
XY, the solenoid is energised* This pulls up the
ratchet R permitting the raicroswitch M to close contact
and at the same time cocks the clockwork timing mechanism
(not shown) ready for a run of* duration pre-set by the
appropriate control* When the toggle switch is then
thrown to position XZ (by pulling the lever L, Fig,H*-l|
to the right), the solenoid is de*energised and at the
same time the camera operating solenoid is energised*
This merely pushes in the camera operating button. The
clockwork timer runs down returning the ratchet R to its
original position, thereby breaking the contact at the
raicroswitch M and de*energlslng the solenoid Sof to stopa
the camera*
V-5 Furnace Shutter Circuit
The function of this circuit is to withdraw the fur* 
ance shutter when the droplet interrupts a beam of light 
focussed on a phototransistor. The circuit is shown in 
Fig.V-5.
Current to the bulb focussed on the phototrahsistor 
(condenser bulb) can be supplied from the battery through 
the switch A or the relay contact* When switch A is 
closed current is supplied to the condenser bulb and the 
photogransistor draws sufficient current to energise the 
Siemens HD96 relay solenoid to close the relay contact. 
The switch A is now opened and switch B closed. When the 
light beam is now interrupted the solenoid is momentarily
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de-energised causing the relay contact to break away*
This causes the current to the condenser bulb to be cut 
off altogether and the relay contact returns to the position 
shown in the figure* The shutter solenoid is thu© ener­
gised into withdrawing the furnace shutter* To reset 
the circuit* the switch A is closed and opened when it 
will be possible to push the furnace shutter back into 
position*
The "clock" illuminating bulb is for lighting the 
dial of the synchronous motor (see Section 11,1).
V-6 Phot of lash and Trigger Circuit ■
This is shown in Fig.V-6. The photoflash used was 
an ordinary commercial one rated at 50 joules, The photo­
flash normally works off a 240 volt battery. For the 
present experiments power to the photoflash is from a 
power pack supplying 220 volts D.C,, the circuit for which 
is not shown.
A Siemens HD96 relay is used to close the trigger 
circuit of the photoflash. The relay is actuated by a 
phototransistor circuits When the beam of light falls 
on the phototransistor the relay solenoid remains unener­
gised and the relay contact is in the normally closed 
position. Tliis causes the warning light tp come on.
When the light beam is interrupted the relay solenoid is 
energised and pulls in the relay contact to close the 
photoflash trigger circuit*
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The base Of the 0CP71 is left open. This increases 
the sensitivity of the circuit and the 0CP71 acts effective­
ly as:a ;photodiode*
V-7 Camera and Films
The camera is a Bell and Howell# 16 mm cinecamera 
capable of speeds up to 6k frames per sec. The camera is 
mounted on a platform and looked at the furnace observation 
slots through a box as shown in Fig.11-1, The box could 
be raised or lowered to the required position by means of 
a rope and pulley arrangement as shown in Plate 11-1.
A 3 in, diameter hole is cut in the side of the box
and the photoflash is pointed at the furnace through this
hole (Plate 11-1) ♦ The field of view of the camera at 
the settings used is about 2 ft. Throughout the experi­
ments the camera was operated at an aperture setting of
5, 5  and a speed of 6k (?) frames per second*
Ilford HP3 films were used,
V-8 Significant Dimensions at Top of Furnace
Height from needle tip to C/L of photoflash triggering
beam =3 1, 375 in.
Height from needle tip to furnace top = 1.75i&*
Height from needle tip to furnace shutter ** 3*0 in.
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